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Abstract
In this report, the Featherweight Cycles design team puts forth the scope and overview of their design
project, discusses background research and competitor analysis, and presents the project’s final design
and manufacturing plans. The overall goal of this project is to fabricate and compete in the Fluid Power
Vehicle Challenge, hosted by the National Fluid Power Association. To better define the design process,
the team researched previous year’s designs from Cal Poly, as well as winning designs from the last two
years to form a baseline of knowledge about competing schools’ designs. After researching multiple
design paths, Featherweight Cycles chose to implement a composite frame design in the hopes of
reducing overall vehicle weight. Another issue that is going to be tackled during this project is fixing and
refining the hydraulic drive modes. This includes plans to implement hard lines to update the hydraulic
drivetrain. Finally, the previous year’s design didn’t include any seat adjustment functionality so
Featherweight Cycles will develop a pneumatically actuated seat to allow for rider height adjustments.

i

Table of Contents
Chapter 1: Introduction.......................................................................................................... 1
Chapter 2: Background .......................................................................................................... 1
2.1 Overview of Competition ..........................................................................................................2
2.1.1 General Requirements and Regulations ......................................................................................................2
2.1.2 Competition Awards ....................................................................................................................................2

2.2 Meetings and Interviews ...........................................................................................................3
2.2.1 Meeting with Dr. Jim Widmann [4/12/21] ...................................................................................................3
2.2.2 Meeting with Soulenoid Cycle [4/15/21] .....................................................................................................4
2.2.3 Weekly Meetings with Professor Fabijanic ..................................................................................................4
2.2.4 Meeting with Cayla Quinn of Soulenoid Cycle [4/30/21] ............................................................................4
2.2.5 First Meeting with Dr. Sthanu Mahadev [4/30/21] .....................................................................................5

2.3 Competitors and Current Design Choices ...................................................................................5
2.3.1 Cal Poly San Luis Obispo FPVC Team, Pump My Ride [2019-2020]..............................................................5
2.3.2 Cal Poly San Luis Obispo FPVC Team, Soulenoid Cycle [2020-2021]............................................................6
2.3.3 Cleveland State University FPVC Team [2019-2020] ...................................................................................8

2.4 Technical Research ...................................................................................................................9
2.4.1 Composites Manufacturing ..........................................................................................................................9

Chapter 3: Objectives........................................................................................................... 11
3.1 Problem Statement................................................................................................................. 11
3.2 Boundary Sketch..................................................................................................................... 12
3.3 Customer Requirements ......................................................................................................... 12
3.4 Quality Function Development ................................................................................................ 13
3.5 Engineering Specifications Table ............................................................................................. 13
3.6 List of Specifications ............................................................................................................... 14
3.7 High-Risk Specifications .......................................................................................................... 17

Chapter 4: Concept Design ................................................................................................... 17
4.1 Development Process ............................................................................................................. 17
4.2 Frame Design.......................................................................................................................... 20
4.2.1 Concept Ideation ........................................................................................................................................20
4.2.2 Preliminary Analysis ...................................................................................................................................25
4.2.3 Detailed Description ..................................................................................................................................28
4.2.4 Selected Concept Functionality .................................................................................................................30

4.3 Adjustable Seat Design ........................................................................................................... 32
4.3.1 Concept Ideation ........................................................................................................................................32
4.3.2 Preliminary Analysis ...................................................................................................................................34
4.3.3 Detailed Description ..................................................................................................................................34
4.3.4 Selected Concept Functionality .................................................................................................................35

4.3.5 Design Pneumatic system..................................................................................................... 35
4.4.5.1 Preliminary analysis ................................................................................................................................36
4.4.5.2 Detail Description ...................................................................................................................................36
Air Tanks .............................................................................................................................................................36

4.3.6 Locking mechanism for adjustable seat ................................................................................ 39
4.3.6.1 Preliminary analysis ................................................................................................................................39
4.3.6.2 Design description ..................................................................................................................................39
4.3.5 Challenges of this Design ...........................................................................................................................41

4.4 Hydraulic Hardline Design ....................................................................................................... 41
4.4.1 Concept Ideation ........................................................................................................................................41
4.4.2 Preliminary Analysis ...................................................................................................................................42
4.4.3 Detailed Description ..................................................................................................................................44
4.4.5 Challenges of this Design ...........................................................................................................................44

4.5 Rear Wheel Dropout Design .................................................................................................... 44
4.5.1 Concept Ideation ........................................................................................................................................44
4.5.2 Preliminary Analysis ...................................................................................................................................45
4.5.3 Detailed Description ..................................................................................................................................45
4.5.4 Challenges of this Design ...........................................................................................................................46

4.6 Vehicle Steering Mechanism .......................................................................................... 47
4.6.1 Concept Ideation ................................................................................................................. 47
4.6.2 Preliminary Analysis............................................................................................................. 52
4.6.3 Detailed Description ..................................................................................................................................53
4.5.5 Challenges of this Design ...........................................................................................................................55

Chapter 5: Final Design ........................................................................................................ 57
5.1 Overall Final Design Description .............................................................................................. 57
5.1 Detailed Description of each Subsystem .................................................................................. 58
5.2.1 Composite Frame Description ...................................................................................................................58
5.2.7 Vehicle Weight Justification .......................................................................................................................67
5.2.2 Steering Mechanism Description ...............................................................................................................68
5.2.3 Pneumatic System Description ..................................................................................................................73
5.2.4 Seat Rails and Seat Design .........................................................................................................................79
5.2.5 Hydraulic System Description ....................................................................................................................81

5.2.7 Vehicle Weight Justification .......................................................................................................................88

5.3 Safety, Maintenance, and Repair Considerations ..................................................................... 91
5.4 Cost Analysis .......................................................................................................................... 92
5.5 Lessons Learned & Challenges to Re-consider .......................................................................... 93
Frame ..................................................................................................................................................................93
Hydraulics ...........................................................................................................................................................93
Pneumatic seat ...................................................................................................................................................93

Chapter 6: Manufacturing Plan ............................................................................................ 95
6.1 Procurement .......................................................................................................................... 95
6.1.1 Frame Subsystem .......................................................................................................................................95
6.1.2 Fluid Power Subsystem ..............................................................................................................................95
6.1.2 Mechatronics Subsystem ...........................................................................................................................96

6.2 Manufacturing Sequence ........................................................................................................ 97
6.3 Assembly .............................................................................................................................. 102
6.4 Outsourcing .......................................................................................................................... 105

Chapter 7: Design Verification Plan .................................................................................... 106
7.1 Weight of Vehicle ................................................................................................................. 106
7.2 Braking Distance at Maximum Speed .................................................................................... 106
7.3 Durability – Pressure and load testing ................................................................................... 107
7.4 Regenerative Braking Test..................................................................................................... 108
7.5 Hydraulic Leakage ................................................................................................................. 108
7.6 Pneumatic Leakage ............................................................................................................... 108
7.7 Adjustable Riding Position .................................................................................................... 108
7.8 Endurance Test ..................................................................................................................... 109
7.9 Efficiency Test....................................................................................................................... 110
7.10 Sprint Test .......................................................................................................................... 110

Chapter 8: Project Management ........................................................................................ 111
8.1 Design Teams and Key Roles ................................................................................................. 111
8.1.1 Manufacturing of Frame: .........................................................................................................................111
8.1.2 Mechatronics: ..........................................................................................................................................112
8.1.3 Hydraulics: ...............................................................................................................................................112

8.1.4 Pneumatics:..............................................................................................................................................112

Chapter 9: Conclusion ........................................................................................................ 114
References......................................................................................................................... 115
Appendices ........................................................................................................................ 118
Appendix A. Quality Function Development ................................................................................ 118
Appendix B. Gantt Chart ............................................................................................................. 119
Appendix C: Full Results from Concept Ideation .......................................................................... 120
Appendix D. Concept Design Matrices ..............................................................................................................125
Pugh Matrix: Composite Frame Design ............................................................................................................125
Pugh Matrix: Adjustable Seat Design ................................................................................................................126

Appendix E. Design Hazards Checklist & Matrix ........................................................................... 126
Appendix F. Accumulator Specification Sheet .............................................................................. 129
Appendix G. Bosch Series 6 Hydraulic Pump Specification Sheet .................................................. 130
Appendix H. Hydraulic Specification Sheet .................................................................................. 131
Appendix I. (M)SDS for Competition Standard Hydraulic Fluid ..................................................... 132
Appendix J. Dynamic Analysis for Frame ..................................................................................... 133
Appendix K. Frame weight based on material calculations for 2021 FPVC frame........................... 137
Appendix L. Steering Mechanism Calculations ............................................................................. 138
APPENDIX M: Dynamic Stress Calculations .................................................................................. 140
APPENDIX N. Vehicle Component Engineering Drawings ............................................................. 142
APPENDIX O - iBOM Indented Bill of Materials ............................................................................ 188
Appendix P – Design Verification Plan ......................................................................................... 190
Appendix Q – Adhesive Specification Data .................................................................................. 192

Chapter 1: Introduction
This design challenge focuses on iterating on and designing a fluid powered vehicle that will perform well
in the annual Fluid Power Vehicle Challenge, hosted by two fluid power companies, Danfoss Power
Solutions and Norgren. This competition challenges teams of engineering students to design a vehicle
whose motion is driven using hydraulic fluid. Cal Poly has had senior design teams competing in this
challenge since 2015 and has a respectable track record for producing a functioning design. Students have
the course of one academic school year to design, build, and test their competition vehicles before finally
coming together to compete head-to-head in a variety of challenges. The main stakeholders involved in
this design project are Dr. Jim Widmann (the team’s faculty sponsor) and Mark Decklar, our industry
sponsor. To work efficiently and stay organized within the team, project group members were delegated
to different subgroups. The subgroups have been defined as follows:
Mechatronics: Mr. Baechler, Mr. Sung
Frame Manufacturing: Mr. Pauls, Mr. Welch
Hydraulics: Mr. Rodriguez, Mr. Pauls
Pneumatics: Mr. Baechler, Mr.Rodriguez
The main objective of this report is to present a strictly defined project design direction. To do this,
sections covering the project’s background, objectives, and project management have been included. The
next section, which covers the project’s background, includes information regarding Featherweight
Cycles’s initial design research. Interview highlights, competitor research, and description of areas of
focus are included in this background section. The next section of this report outlines the team’s
objectives. In this section there is information regarding the project’s problem statement, boundary
sketch, and a summary of the competition needs and wants. A description of the QFD process and an
engineering specifications table has also been included in the objectives section. The final part of this
report outlines the project management aspects of the project which will be crucial to keep the team on
schedule. In this section a description of the design process, including significant design milestones, has
been included. Here Featherweight Cycles also discuss their next steps from now through the preliminary
design review. This report serves as a guideline and reference of the project scope throughout the entirety
of the design process.

Chapter 2: Background
Background research consists of the Fluid Power Vehicle challenge, previous vehicles created by Cal
Poly, and previous vehicles from other collegiate teams.

2.1 Overview of Competition
Founded in 2004 by Parker Hannifin Corporation, an industry leader in motion and control technologies,
the Chainless Challenge was created for university teams to compete in designing a bicycle to bypass the
usage of a chain for power transmission. Taken over in 2016 by the National Fluid Power Association
(NFPA), the challenge has been rebranded into the Fluid Power Vehicle Challenge targeted as a
university capstone senior project. Engineering students are to work in a team to design, build, iterate, and
test a vehicle operating on fluid power. Doing so will help expose student teams to the hydraulics and
pneumatics industry through connections with industry professionals and hands-on experience through
the construction of a functioning fluid powered vehicle.

2.1.1 General Requirements and Regulations
Beginning the competition before the 2022 ruleset has been released, Featherweight Cycles will follow
the 2021 ruleset until adjusting the vehicle’s design for the updated ruleset. Following the modified
virtual competition from 2021 due to the COVID-19 pandemic, the NFPA is on track to resuming inperson competition in April 2022 at Norgren in Littleton, Colorado.
Ranging from two to four wheels, a single-passenger vehicle is to be designed with fluid power in the
form of hydraulics or pneumatics and human input to propel the vehicle’s motion. This eliminates any
usage of power via electricity or combustion. If chains, belts, or gears do not directly transfer power from
the user to the drive wheel(s), these items are acceptable to be included within the design of the vehicle.
An accumulator, or a device for energy storage, must be incorporated into the vehicle with a maximum
volume of 1 gallon. The use of the accumulator must not exceed the specifications of the manufacturer.
Requiring three main modes of operation, a direct drive mode will use a human-powered pump to drive a
motor, a boost mode will directly use the accumulator discharge for propulsion, and a regenerative
braking mode will recharge the accumulator while the vehicle is in operation. The weight limit of the
vehicle alone is set to 210 pounds with penalties for additional weight.

2.1.2 Competition Awards
Final awards for the competition are based upon various factors that include the Design and Specification
Midway Review, the competition results, final presentations, interaction with industry mentors, and
points obtained from attending industry presentations. Competition results are based upon three physical
challenges that consist of the sprint race, the endurance challenge, and the efficiency challenge. The sprint
race is conducted on a 400–600-foot course with two attempts completed by the same rider. The
endurance challenge consists of a slalom course under a mile long that vehicles must complete in under
30 minutes. The course will consist of one full stop and restart of the vehicle to test the regenerative
braking circuits of each vehicle. In this stop, riders must travel at least one full vehicle length before
pedaling again to verify the ability of the regenerative braking. Both the sprint race and the endurance
challenge will be judged based upon best time. The efficiency challenge will be judged based on the
vehicle that can travel the greatest distance proportional to the vehicle’s weight. Traveling a minimum
distance of 100 feet, the vehicle will go as far as it can before coming to a complete stop without braking.

Specifically, the vehicle cannot use any human input or any other mechanical assistance from the
beginning of the efficiency challenge until the vehicle reaches a full stop. This challenge will be scored
based off an efficiency ratio calculated with the parameters of gas pre-charge pressure, maximum system
pressure that the accumulator is charged to, volume of the accumulator, weight of the vehicle and rider in
pounds, and total distance traveled from starting point in feet.
With cash prizes from a pool of $13,500, this money will be split into various categories for competing
teams to win. Overall winners for first place, second place, and third place will respectively be awarded
$3,000, $2,000, and $1,000. Winners for each of the three physical challenges that include the sprint race,
the endurance challenge, and the efficiency challenge will each be awarded $1,000. The best presentation
will be awarded $2,000. A $500 reward will be presented to the winner of each individual category that
includes best use of pneumatics, innovative use of electronics, best design, best reliability and safety, best
workmanship, and best teamwork.

2.2 Meetings and Interviews
Featherweight Cycles scheduled meetings with Dr. Jim Widmann, the Fluid Power Vehicle Challenge
advisor for Cal Poly, and Soulenoid Cycle, Cal Poly’s 2020-2021 team, to gain more insight into the
competition as well as the current vehicle and receive suggestions to build upon its previous performance.
We also have had weekly meetings with Professor John Fabijanic, the senior project lab instructor, on
helping to guide and define the project scope.

2.2.1 Meeting with Dr. Jim Widmann [4/12/21]
The meeting with Dr. Widmann consisted of a general overview of the Fluid Power Vehicle Challenge as
well as Cal Poly’s previous history in the competition. It also included information of how to start
working on this project before the challenge officially beings in September 2021. In this competition, Dr.
Widmann emphasized that he would play the role of the customer, hoping to see Featherweight Cycles
win the competition and to receive prize money. Outlining the success of Soulenoid Cycle’s second place
finish in the competition, $5,500 had been accumulated along with awards in winning the sprint race, best
presentation, and best electronics. Within the whole competition are three physical challenges: the
endurance challenge, the efficiency challenge, and the sprint race. Historically in the competition, a twowheeled vehicle will win the endurance challenge while a three-wheeled vehicle will win the sprint race.
If a team can win two of the three physical challenges, they have a strong chance of placing first in the
entire challenge. Due to Featherweight Cycles beginning the challenge before the 2022 ruleset has been
released, it must be assumed that the previous rules will be unchanging with the focus still on hydraulics
and pneumatics. Due to this ruleset not being released yet, Featherweight Cycles must be flexible with
analysis and design of the vehicle. With the implementation of a three-wheel vehicle from Soulenoid
Cycle, Dr. Widmann recommended that we focus on decreasing the overall weight of the vehicle as well
as adding rigid fluid lines to the hydraulics circuit. Dr. Widmann also mentioned that Soulenoid Cycle did
not know anything about fluid power at the beginning of their design but there are many mentors and
resources who are more than willing to help.

2.2.2 Meeting with Soulenoid Cycle [4/15/21]
Soulenoid Cycle provided many suggestions on how to improve their vehicle and insight towards
navigating through the various stages of the Fluid Power Vehicle Challenge. From their own design, the
recommendations given to improve the design included increasing the size of the passenger space,
implement a functioning pneumatic system, switch from flexible lines within the hydraulics circuit to
rigid fluid lines, and ease the efforts of the direct drive. While Soulenoid Cycle attempted to implement a
pneumatic braking system into their vehicle design, this system was not functioning in time for the final
competition. This is because adding pneumatics was a new requirement within the 2021 ruleset that was
not incorporated into Soulenoid Cycle’s design when their design process began based off the 2020
ruleset. With pneumatics being a new competition requirement, judges were extra interested in how each
team implemented this constraint into their designs. Soulenoid Cycle was not able to compete in the
endurance challenge due to difficulties in reaching speed and maintaining it. This may have been due to
the direct drive’s gear ratio or pump size, and it is very important for Featherweight Cycles to discover
why this was an issue.

2.2.3 Weekly Meetings with Professor Fabijanic
Professor Fabijanic has provided us with his own insight throughout the past year’s process of Soulenoid
Cycle along with his own recommendations to what could be accomplished over the next year for
Featherweight Cycles throughout the weekly meetings. Throughout his years in instructing the senior
project lab, the Fluid Power Vehicle Challenge has progressively become a hydraulic vehicle challenge
compared to a bicycle competition. Three- and four-wheel vehicles have become more common than twowheel vehicles to keep the hydraulics circuit more stabilized and protected. Professor Fabijanic also
recommended that Featherweight Cycles implement rigid fluid lines as opposed to the steel braided or
Kevlar-lined rubber hoses that have been previously used. In the past, efficiency has always been a hard
problem to solve, and Soulenoid Cycle currently uses one of the smallest hydraulic motors in their circuit.

2.2.4 Meeting with Cayla Quinn of Soulenoid Cycle [4/30/21]
Following the COVID-19 protocols outlined by Cal Poly, Featherweight Cycles met with Cayla Quinn of
Soulenoid Cycle to view the Fluid Power Vehicle Challenge teams’ senior project room along with
Soulenoid Cycle’s completed vehicle. Ms. Quinn gave Featherweight Cycles a tour of all raw building
materials, the workbench, and the storage locker in the FPVC corner of the senior project room. Along
with viewing Soulenoid Cycle’s vehicle for the first time in person, Featherweight Cycles was given a
brief overview of the vehicle and its components. Bringing the vehicle outside of Bonderson Projects
Center and into the College of Engineering quad, all members of Featherweight Cycles were able to test
ride the vehicle in loops around the quad. Aside from a small leak in the hydraulic circuit, the vehicle
functioned effectively and with minimal issues. There was an instance where the chain became
disengaged from the crankset due to an assembly error from the direct drive, but this is an issue that can
be easily repaired with properly installed hardware. From viewing the vehicle in person, Featherweight
Cycles was able to take measurements in frame deflection for further analysis regarding material selection
in the frame along with sizing for seat adjustability. Ideation also occurred for other vehicle functions to
improve upon in the manufacturing of Featherweight Cycles’s future vehicle.

2.2.5 First Meeting with Dr. Sthanu Mahadev [4/30/21]
Dr. Sthanu Mahadev recommended to Featherweight Cycles the process of how to redesign the FPVC
frame along with general information on composites. The original intention of this meeting was to ask Dr.
Mahadev to be a resource for Featherweight Cycles to come to with questions regarding manufacturing
designs and plans, emphasizing the use of carbon fiber composites. With what Dr. Mahadev deemed the
FPVC frame to be a low-velocity impact application for carbon fiber, it was recommended that we might
consider utilization of a glass-fiber reinforced plastic (GFRP) composite. When designing Featherweight
Cycles’s future frame, Dr. Mahadev suggested that we heavily follow the design process taught in Design
for Strength and Stiffness (ME 328). This process should begin with conducting finite element analysis
on the frame of Soulenoid Cycle’s vehicle and determining whether composites would be beneficial for
an FPVC application such as that of Featherweight Cycles.

2.3 Competitors and Current Design Choices
2.3.1 Cal Poly San Luis Obispo FPVC Team, Pump My Ride [2019-2020]
The 2019-2020 Cal Poly FPVC team, Pump My Ride, placed third in the virtual competition and was
awarded Judge’s Choice in teamwork, effective communication, cohesive final presentation with quality
answers to judge’s questions, and participation in mentor meetings. Due to the COVID-19 pandemic, the
competition changed to a virtual competition, which might have led to lower overall scores than they
expected. The overall weight of the Pump My Ride vehicle was 103 pounds, an improvement over the
previous year’s weight. For sprint test, their time was 21.96 seconds to finish a 600 ft course with precharge pressure of 500 psi in the accumulator, a good performance as most teams finished around a
similar time to this. During the endurance test, Pump My Ride’s time was 5 minutes and 40 seconds to
finish a 1-mile course. When performing their efficiency test pump my ride set a specification and goal to
reach an efficiency of 18% hydraulic power to mechanical power, and at competition they scored 12.17%
for traveling 1800 ft. The reason why they scored a much lower value for efficiency is believed to be
because they implemented flexible hydraulic lines that have a lot of irreversible hydraulic losses in power.
A good solution to the present losses is to implement hydraulic hardlines to improve efficiency.
Pump My Ride used a custom-built frame inspired by combining the benefits of mountain and roadbicycles as shown in Figure 1. Pump My Ride optimized their hydraulic system by designing a custom
manifold to minimize hydraulic line lengths and number of fittings to lower the overall pressure losses.
They used soft lines instead of hard lines. The drive modes of their design were direct drive, boost, and
regenerative. The drive modes for their design were controlled by an ECDR-0506A industrial controller
from Hydraforce. They used a l-gallon composite bladder accumulator with a rated pressure of 3000 psi.
They also used a bent-axis axial piston Bosch unit to transfer the power for the pump and motor. To
minimize drag and to improve the ergonomics of their design at high speeds, they implemented tribars

into their design. A front chain cover was used to eliminate pinching points for safety in case the rider’s
pants or shoelaces get tangled.

Figure 1: 2019-2020 Cal Poly FPVC Team Vehicle Design

2.3.2 Cal Poly San Luis Obispo FPVC Team, Soulenoid Cycle [2020-2021]
The 2020-2021 Cal Poly FPVC team, Soulenoid Cycle, placed second in the virtual competition and was
awarded Judge’s Choice in best presentations and innovative use of electronics. The overall weight of the
Soulenoid Cycle vehicle was 100 pounds. For sprint test, their time was 22.75 seconds to finish a 600 ft
course with pre-charge pressure of 500 psi in the accumulator. For endurance test, their vehicle failed to
finish the 1-mile course.
For a frame design of vehicle, Soulenoid Cycle chose a tadpole trike because there are several benefits of
implementing it to our vehicle. One of the benefits is that the tadpole design allows for cornering at
slightly increased speeds, providing more stability to resisting cornering forces. Another benefit is that it
provides good weight distribution at the front, offering better stability and control over steering and
braking. Because its center of gravity is low and near the steering axis, it improves speed and stability.
They implemented the Ackermann steering geometry to use front wheels for steering. The Ackermann
steering geometry avoids the need for tires to slip slideways when the tires are following a curved path.
Each wheel has its own pivot point that is close to its own hub so that controllability can be enhanced by
avoiding large inputs from road surface variations being applied to the end of a long lever arm.
For pneumatics, they did not have time to implement an emergency parking brake that they were going to
design. The competition does not require all the competitors to incorporate a pneumatic subsystem to their
vehicle design but has a special pneumatics award those who do have pneumatics can win.
For mechatronics, the team designed a custom user interface that would actuate valves, acquire data, and
network electronics over CAN bus. They added a computer connection port to observe the

communication between all the components in the network and a place to program HydraForce valve
driver. It easily serves as a good place to debug software issues without disassembling any of the
components. The drive modes of their design were direct drive, regenerative braking, boost, pedal charge,
and coast. They implemented a touch screen that could observe accumulator pressure, speed, and current
drive mode. The touch screen also had an ability to switch the drive mode, to plot speed vs time using a
hall effect sensor, and to display a hydraulic circuit to check which valves were supposed to get energy.
They 3D printed enclosures of the user interface components.
For Souleniod Cycles hydraulic design, they re-used the same accumulator as the 19-20 2-wheel vehicle
design and mounted the accumulator vertically on their 3-wheel design to increase safety and efficiency.
The 3-wheel vehicle allows them to increase safety because there is no possibility for the vehicle to fall
sideways, preventing the accumulator from getting damaged. Also the 3-wheel vehicle is much more
efficient at weight symmetry and allows all the mass of the components to be equally distributed along
the frame. They manufactured a reservoir made of 6061-T6 Aluminum with a capacity of 1.3 gallon, and
they used Bosch/Rexroth A2FK5 Bent axis pump with a 5 CC fixed displacement for their hydraulic
pump.
Some of the issues in last year’s design which need to be addressed by Featherweight Cycles include
completing the endurance test, improving hydraulic efficiency, and getting rid of hydraulic leaks in the
system. The reason Soulenoid Cycles couldn’t compete in the endurance challenge was due to their direct
drive mode not working properly. The issue seems to have something to do with the gear ratio in the front
of the vehicle from human power to the initial pump. When analyzing their hydraulic circuit, there is also
the potential that the check valve which allows fluid to flow in one direction to the accumulator is taking
in fluid while the hydraulic circuit is in direct drive mode. This would make it even harder to pump the
fluid to the rear two-way motor that moves the wheel and vehicle directly. For the efficiency test,
Souleniod Cycle set a specification and goal of being 18% efficient for hydraulic work to mechanical
power output, but failed to meet this value scoring 8% efficient for traveling 1800 ft. The reason they
were unable to achieve a higher value of efficiency is due to the lack of hardline integration for the
hydraulics. If they implemented hydraulic hardlines, they would have achieved a much higher efficiency
thus reducing the overall loss of hydraulic power in the system. The hydraulic reservoir on the Souleniod
cycle seems to be leaking at many connections between hydraulic lines, which need to be fixed before the
next competition.

Figure 2: 2020-2021 Cal Poly FPVC Team Vehicle Design

2.3.3 Cleveland State University FPVC Team [2019-2020]
The 2019-2020 Cleveland FPVC team placed first in the virtual competition. The overall weight of their
vehicle was 171 pounds. Its top speed is 27 mph, and its full throttle efficiency is 8%. Its optimal gear
ratio and pre-charged pressure to improve the distance travelled and top speed are 3.75 and 1000 psi. As
shown in Figure 3, they designed a carbon fiber tadpole recumbent frame. They used carbon tubing to
minimize the weight of the frame and deflection and to improve the speed. Like the Soulenoid Cycle
vehicle, they also implemented Ackermann steering geometry to use front wheels for steering. The drive
modes of their vehicle are pedaling drive, accumulator drive, regenerative braking, and pedal charge. For
hydraulics, they placed a Steelhead composites bladder accumulator and a piston pump onto their vehicle
for high efficiency and speed. They also used a solenoid valve to reduce pressure drop and to have
regenerative braking. They had two brackets attached to a mount to efficiently place the components on
the vehicle, the top bracket for accumulator and the bottom bracket for the motor.

Figure 3: 2019-2020 Cleveland State University FPVC Team Vehicle Design

2.4 Technical Research
2.4.1 Composites Manufacturing
One of the challenges Featherweight Cycles has decided to take on is to design and manufacture a lighter
frame to reduce the overall weight of the fluid powered vehicle. To accomplish this task, the team has
focused efforts on implementing a carbon fiber frame to meet weight saving goals, hence the name
Featherweight Cycles. There are a variety of different methods that could be deployed to manufacture the
carbon structures for the frame. This section details a couple different manufacturing options the
Featherweight Cycles design team has researched to complete their frame redesign.
The first method researched to design the frame is to use straight carbon tubes to create a subframe that
can then be built upon to secure the rest of the components. This method was inspired by the previous
year’s competition bikes from Cleveland State, as they used premade carbon tubing to build their frame.
This is the easiest manufacturing method since it doesn’t require the team to mold or cure their own
carbon tubing. A company called Rock West Composites has ready-to-order carbon tubing in variable
outer and inner diameter measurement sizes. Another benefit of going with this manufacturing method is
that Rock West has aluminum support brackets and fixtures that can be attached to the carbon tubing to
make adding a hydraulic system to the frame easier. One downside to this manufacturing path is that the
team is limited in the geometry they can implement in their frame since all the tubing will be straight.
Below is a figure of one square tubing option offered by Rock West Composites.

Figure 2.4.1: Rock West Square Carbon Tubing
To combat some of the challenges faced with buying composite tubing and building a frame around that
constraint, another design process being considered by Featherweight Cycles is to custom manufacture
two-piece part molds and for complex geometries using CNC machine processes and then using preimpregnated carbon fiber sheets to simplify curing the complex strut shapes. Pre-impregnated carbon
fiber, or prepreg, already has a resin system incorporated into its raw material. The bigger pieces of the
frame would be made of a few different carbon pieces, held together with internal bars made of chopped
carbon in an epoxy laminate. The biggest benefit to this manufacturing process is the creative freedom
and design adjustability by using custom CNC molds. Unfortunately, this increased adjustability comes at
a cost. Developing the tooling and manufacturing the molds and composite structures is much more labor
intensive and costly. After discussions with Dr. Sthanu Mahadev, the team will be able to utilize the
composites lab on campus to manufacture a custom composite frame. While the current design utilizes
square tubing for ease of manufacturing, a more complex design can be fabricated using the method
discussed above. An example of this process can be seen in the figure below, where a two-part mold is
used to manufacture carbon bicycle frames.

Figure 2.4.2: Carbon Bicycle Frame Half-Shell Mold

Chapter 3: Objectives
3.1 Problem Statement
Cal Poly’s 2021 fluid power vehicle needs to be redesigned and improved upon to compete for the title in
the 2022 Fluid Power Vehicle Challenge (FPVC). The competition, hosted by the National Fluid Power
Association (NFPA), requires teams to design, build, and test a hydraulically powered vehicle that
maximizes efficiency, endurance, and sprinting capabilities. This requires teams to combine two types of
input and output power cycles, which must include the use of an accumulator for energy storage, an
electronic control system, a regenerative system, pneumatics integration. The design must consider safety,
efficiency, and ergonomics, and all design choices must be supported with rigorous engineering analysis
that demonstrates an understanding of hydraulics and industry knowledge.
Featherweight Cycles will primarily focus on weight reduction, by redesigning the frame with different
materials and adding adjustable rider positions. A major issue that needs to be fixed is the drive mode of
the hydraulic circuit from the previous design. This drive mode may require a different gear ratio or
hydraulic pump to function more efficiently. Pneumatics implementation will have a focus on designing
for braking ability of the cycle and integration with a seat adjust. Additionally, the new components will
need to be integrated into the comprehensive mechatronics system designed by the previous year's group.

Finally, the flexible hydraulic lines from last year’s design will be switched out for hardlines to improve
efficiency and reduces losses in power.

3.2 Boundary Sketch

Figure 4. The net boundary chart of components and the relationship between other components in the
entire system.

3.3 Customer Requirements
The primary stakeholders in this project include: the competition judges, Dr. Jim Widmann, Mark
Decklar, and Professor Fabijanic. The competition challenges engineering students to apply their
knowledge toward building and testing a fluid powered vehicle and testing their performance against
other universities. As a result, many customer requirements are features and modes of operation that are
compliant with competition rules, such as the inclusion of an accumulator, control system, pneumatics,
regeneration, and at least two different drive modes. However, success is measured on two axes: relative
performance reflected by the competition results, and the extent to which the team meets or exceeds
customer requirements. Therefore, additional requirements are innovative features, such as unique safety
considerations, other renewable energy methods, and electronics and mechatronics. A complete list of
customer requirements is found below.
•
•
•
•

Light weight vehicle frame.
Adjustable vehicle seat to allow people to drive comfortably.
Pneumatics to be implemented on the bike.
Functioning and optimized direct drive.

•
•
•
•
•
•
•

Working Simulink models for optimization of individual components.
Integration of innovative ideas.
Safe vehicle.
Improve the regenerative braking.
Economize by reusing working components.
Meet NFPA deadlines.
Win money for next year’s group.

3.4 Quality Function Development
Quality Function Development is an important design tool that helps identify appropriate goals that will
result in satisfying customer requirements. The “House of Quality” exercise is a comprehensive
comparison between customer requirements, how well current competitors meet those requirements, and
how well this team will meet those requirements. The relative performance of current competitors
provides guidance on which areas of improvement are most critical for this team. For example, the House
of Quality spreadsheet, located in Appendix A, reflects that all three current competitors outperform Cal
Poly in meeting the sprint time customer requirement. This demonstrates that this area of the competition
requires more attention from this year’s team, which helps to create engineering specifications that if met,
will improve Cal Poly’s sprint time.
Once the QFD was completed, the most important requirements were clearly presented, and
Featherweight Cycles was able to pick a specific design direction. Other FPVC teams, listed as
competitors on the QFD, designed to some similar specifications but many customer requirements were
altered. The focus for Featherweight Cycles is to implement a new creative pneumatics system which a
lot of other teams didn’t have, but for the most part what competitors cared about is similar. The
engineering specifications obtained from Featherweight Cycles’s QFD are located below in Table 3.1.

3.5 Engineering Specifications Table
Table 3.1 Engineering Specifications Table for Fluid Powered Vehicle Design Challenge 2022.
Spec
.#
1
2
3
4
5
6
7

Specification
Description
Full speed to stop. Max
Brake Distance
Max Weight Passenger
Rating
Durability
Symmetrical Weight Distr.
Regenerative Power Test
Budget
Hydraulic Leak Test

Requirement or
Target (units)
10 ft

Tolerance

Risk

Compliance

± 2 ft

L

I, S, T

200 lb

300 lb max

L

A, I, S, T

TBD
50/50 Lateral Distr.
8 ft
$2,500.00
No Leaks

TBD
± 10 lbs
8 ft min.
± $800
0

L
L
H
M
M

I, T, S
A, I
A, S, T
I
I, T

8

Adjustable Riding Position

9

Pneumatics Function Test

10

Visibility Test

11
12
13
14
15
16

Accumulator Max Pressure
Efficiency Test
Sprint Test
Endurance Test
Bike Weight
Accumulator Charge Time

Height of the rider
69 inches
30 cycles per
charge
No obstructions in
line of sight
2800 psi
15%
400-600 ft. Sprint
1 mile
120 lbs
8 min

63 Min &
75in Max
25 cycle
min.
Pass/Fail

M

I, A, T

M

A, T

L

I

± 100 psi
± 4%
< 600 ft.
< 1 mile
± 15 lbs
10 Max

M
M
M
H
H
M

A, I, T
A, I, S, T
A, I, S, T
A, I, S, T
A, I, S, T
I, S,T

Risk of meeting specification: (H) High, (M) Medium, (L) Low
Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test

3.6 List of Specifications
Specification 1: At speed to full stop. Max braking distance.
Braking ability is important for safety of the vehicle and is also a key rule found in the NFPA
regulations that must be met. Many teams include an emergency style parking brake, which will be
implemented on the vehicle, however this specification is related to the braking ability of the vehicle in its
dynamic setting at full speed which can be approximated to 25 mph. The specification requires the bike to
stop from full speed with a maximum braking distance of 10 feet. This requirement is especially
important to ensure safety of the vehicle and should be tested on a non-sloped surface with bike moving at
its maximum velocity.
Specification 2: Max Passenger Weight
The maximum weight is specified for the vehicle with regards to the max weight limit in which a
rider can be to use the bike. For safety purposes and overall durability of the frame itself, the bike will be
designed and best suited for a 200 lb driver, but the maximum weight limit is set to ensure safety of the
driver. This maximum weight limit of 300 lbs shall not induce stresses on the frame that are critical to the
frames material strength limit. In fact, the stress induced by acquiring a 300 lb load shall still have a
safety factor, in regards to the frames yield strength, of a minimum 2.0 in order to meet this specification.
Specification 3: Durability
This specification is rather ambiguous, as it pertains to multiple subsystems on the vehicle and
can be interpreted in different ways. This year team need to determine an appropriate safety factor for
each component of the vehicle by examining the fragility of each component and their placement on the
vehicle. The examination can be done using simple kinematic models to see how much damage and

impact the components will experience from being dropped at varying heights. This examination will be
done with objects with similar masses as the components.
Specification 4: Symmetrical Weight Distribution
The weight should be configured in such a way that laterally up the center of the bike it is evenly
distributed to either side of the bike. It should not have overbearing amount on one side or pertaining to
one axle involved on the vehicle. The rider's weight should be considered for this calculation and shall be
proven prior to the assembly of the vehicle.
Specification 5: Regenerative Power Test
The regenerative brake application is required via the NFPA regulations, and specifically during
the endurance challenge portion of the race the bike shall come to a complete stop implementing the
regenerative brake circuit charging the accumulator. The bike should then be able to start and move from
a stop to one vehicle's length without any driver input. This will benchmark the target of the regenerative
braking test and it is determined that a minimal of 8 feet will be set to be tested and measured via analysis
and experimental testing.
Specification 6: Budget
The target cost of the project that has be set is $2,500.00, not including any additional funding or
parts from external sources. This is the target budget Featherweight Cycles has agreed upon as a design
team. An allowance of plus or minus $800 has been agreed upon, and this budget seems very reasonable
as last year’s team only spent $1529.00.
Specification 7: Hydraulic Leak Test
Internal leakages are unwanted leaks within the hydraulic system that can be caused by poor
tolerance components or build errors. If significant, they can decrease the overall efficiency of the system
or damage bigger components, such as a pump or motor. The flexible hydraulic lines will be traded out
for hard fluid lines; thus, the main source of any leakage will be at the interfaces.
Specification 8: Adjustable Riding Position
The set goal for adjustable rider height is accommodating rider heights 5’3” to 6’3”(63in to 75in),
and this should be accomplished for the purpose of having optimal riding ability for the challenges. This
is also an ergonomic design, that often gets overlooked by many other teams in the completion which will
set our design even further apart from other teams. Possible pneumatic implementation to this key design
feature will really set it far apart from other teams.
Specification 9: Pneumatic Function Test
Featherweight Cycles intends to implement pneumatics; a component last year’s Cal Poly team
did not have time to design. The only specification given was the NFPA regulation limiting a maximum

of 100 psi of air to be used or stored. An air tank will be placed on the vehicle for continuous pneumatic
use. If an emergency break is implemented, then a conservative estimate of 25 cycles would be expected
before the air tank would need to be recharged again from the local air compressor.
Specification 10: Test Visibility
The visibility of the rider operating the vehicle shall not be impaired and there shall be full
visibility available to the rider to make sure operation is safe and the vehicle meets NFPA regulations.
This can be tested by checking for any visual obstructions, ability to comfortably look over shoulder, and
over all head mobility while in the vehicle.
There is a clear line of sight in the forward seating position of the rider. The rider can
comfortably turn his head and see in the rear direction if required. No obstructions are near rider’s head
that can prevent shift in head movement or obstruct rider’s line of sight.
Specification 11: Accumulator Pressure Test
The accumulator maximum pressure of 2800 psi is to ensure safety of the rider when operating
the vehicle. This 2800 psi target can ensure hydraulics on the vehicle will be operating within their means
and no unwanted hydraulic leakage occurs at maximum pressure conditions. The accumulator can be
cycled to maximum pressure for validation of no leaks and hydraulics components are property working.
Specification 12: Efficiency Test
Though efficiency is a main judging category in the competition, there is currently some
ambiguity in quantifying the overall efficiency of the hydraulic vehicle. Using a spreadsheet provided by
NFPA, the efficiency of each competing vehicle is currently calculated based on accumulator pre-charge,
its total charge and volume, combined vehicle and rider weight, and distance traveled. Competing teams
seldom obtain enough performance data to generate their own efficiency data outside of computer
modeling. This year’s team will focus heavily on data acquisition with the goal of better quantifying
efficiency metrics. Featherweight Cycles will also experimentally test the efficiency with the built vehicle
and optimize with a combination of the computer aid modeling and experimental measurement analysis.
Specification 13: Sprint Test
To be competitive in the sprint challenge, Featherweight Cycles is targeting to complete 600 feet
in 15 seconds. This would be a 32% increase in performance when compared to the current Cal Poly
vehicle's test sprint time of 22.75 seconds. The first and second place teams of the sprint challenge from
the 2019 event were Cleveland State and Murray State University, respectively. Each resulted in a sprint
time in the high 14 seconds, about 7 seconds faster from the third-place finisher. However, both teams
used accumulators larger than 1 gallon.
Specification 14: Endurance Test

The goal for the previous Cal Poly team was complete the 1-mile course in 5 minutes. However,
since they were unable to even get the vehicle to move in drive mode, the same goal will be set for
Featherweight Cycles. The team this year is focused on completion of the mile as Solenoid cycle was
unable to complete the mile and create a predictive model simulation via MATLAB of the vehicle prior to
building the vehicle to ensure completion.
Specification 15: Bike Weight
This year’s team will improve on this specification by redesigning the frame and reducing the
overall weight anywhere possible on the vehicle, ensuring the most amount of weight reduction possible
for the vehicle. The target weight set for the team will be set at 90 pounds, 10 pounds less than last year's
team.
Specification 16: Accumulator Charge Time
The accumulator charge time is also another requirement the NFPA regulation has set for the
competition. The rules for the 2021 competition states that teams have a maximum of 10 minutes prior to
the sprint and efficiency challenges to charge the accumulator with hydraulic fluid. This year’s vehicle
must be able to fully charge its accumulator in less than 10 mins in order to compete.

3.7 High-Risk Specifications
Regenerative Brake Test, Bike Weight, and Endurance Test are all considered high risk to meeting
specifications, because they are all hard to achieve. The regenerative braking is a high risk since it is hard
to implement and get working correctly. Reducing the overall bike weight is always a challenge because
there are always things that are not considered during the design process. The endurance test is hard to
complete, and the last year's team was unable to even move the vehicle in drive mode, thus this is a highrisk specification.

Chapter 4: Concept Design
4.1 Development Process
Last year's Soulenoid Cycle design had a lot of flaws that can be improved upon. The issues with their
design were documented in detail in the above section 2.3.2, and the goal for Featherweight Cycles is to
solve the issues and improve the overall performance and ergonomics of last year's bike.
Through the preliminary design process, Featherweight Cycles has used various analysis methods to
determine which design would meet the project criteria the best. Before the team could embark on their
design analysis, it was critical to brainstorm several valid prototype ideas which could be compared to
one another. After brainstorming different ways to adjust the seat position, unique designs for each
subsystem were compiled and analyzed using a Pugh matrix. Once the Pugh matrix was created, a

weighted decision matrix was also used to analyze the design specifications and pick a design that
optimizes the most important qualities of the final design. The implementation of these matrices helped
narrow down the subsystem prototypes that would best meet the stakeholder specifications. Improving
last year’s design requires understanding what didn’t work previously, and what worked very well. Thus,
the Featherweight Cycles design re-uses the components from last year's bike that worked very well, and
the components that had ergonomic and performance issues were redesigned.
The following Figure 4.6.1, depicts a full concept design for Featherweight Cycles’s vehicle that
encompasses all new potential design changes from last year. This was done to represent the preliminary
overall design for this year’s Featherweight Cycles.

Figure 4.6.1: A side view of overall CAD model of the vehicle.
There were many components from last year's team that worked incredibly well such as the mechatronics
system, the wheels, the accumulator and rear hydraulic motor. The main problems that this year’s concept
design solves are the ergonomic issues with the rider being too short, the failure of having a working
pneumatics system, the overall vehicle weight being too high, and getting rid of the flexible hydraulic
lines. These design changes were arrived at through research, ideation, and preliminary analysis, that will
be explained in detail below.
Featherweight Cycles made the goal of creating the most light-weight FPVC vehicle possible, to improve
overall performance of the vehicle. Using the material properties of Fusion 360, each component’s overall
weight was computed. In the Table 4.1.1 below, displays the weight of last years bike and components to
compare this years design in Table 4.1.2. Its easily identifiable the difference between components and
overall weight for the two designs.
Table 4.1.1: A table of weight of each component used in the overall CAD model of Soulenoid Cycle
Component

Material

Quantity

Weight
[lbs]

Frame

Carbon
Fiber

1

7.0

Wheels

Steel

3

2.9

Steering

Steel

1

3

Handles

Aluminum

1

2

Seat

Plastic

1

1

Manifold

Steel

1

35

Reservoir

Aluminum

1

10

Rear Pump

Steel

1

7

Front Pump
Assembly

Steel

1

10

Accumulator

Steel

1

24

Total Weight [lbs]

101

Table 4.1.2: A table of weight of each component used in the overall CAD model of the vehicle in Figure
4.6.1.
Component

Material

Quantity

Weight
[lbs]

Frame

Steel

1

30.0

Wheels

Steel

3

2.9

Steering

Steel

1

3

Handles

Aluminum

1

2

Seat

Plastic

1

1

Manifold

Steel

1

35

Reservoir

Aluminum

1

10

Rear Pump

Steel

1

7

Front Pump
Assembly

Steel

1

10

Accumulator

Steel

1

24

Total Weight [lbs]

124

4.2 Frame Design
Featherweight Cycles’s focus this year is on designing and manufacturing a composite frame. The
following section details the research and selection process.

4.2.1 Concept Ideation
A standard bike is the most common type of frame used for this competition. This bike frame design has
been around for about two hundred years and has been innovated and improved upon countless times to
be the efficient, lightweight, and familiar standard that is known today. The frame from Cal Poly’s team
The Incompressibles for the 2019 competition is of this form and is pictured in Figure 4.3.

Figure 4.1.1 Standard Bike Frame Built by The Incompressibles.
The advantages of standard bike frames include the packaging flexibility and size, while a main
disadvantage is the instabilities present when component weight is unevenly distributed laterally on the
frame. While the standard frame tends to be much lighter than recumbent frames, Soulenoid Cycle
wanted to try something new, as Cal Poly has competed with a standard frame in all previous years of the
competition.
Another design that was considered was an elliptical bike concept. In contrast to the other frames that
were investigated, elliptical bikes use linear motion instead of rotational pedaling. It has been shown that
this type of motion is less harmful to the human body as it reduces the forces on joints and keeps the
rider’s body in the upright position that it is built for. The team decided to investigate elliptical bikes to
explore the contrast of using linear pumping motion on the vehicle, which could allow for higher levels of
power output. The elliptical bike could be designed for a single power output method, wherein the
handlebars and footholds are connected, or it could be created for an increased power output with one

mode of power being the handlebar motion and the other being the foothold motion. In theory this seems
as though it would be superior since power translates to speed. However, this bike would be very difficult
to package and would negatively contribute to the size and weight goals that the team has set. The
elliptical design would make component mounting difficult as well as there isn’t much space in the rear.
A figure of an elliptical bike is included below to help illustrate the type of design Featherweight Cycles
investigated.

Figure 4.1.2 Elliptical Trike Concept

In Figure 4.3, last year’s team decided on using a recumbent frame design updating from the previous two
years before that were using the standard bike frame. The frame is very stretched or long but does not
account for a variety of heights for the rider and within this design only a rider of about five feet two
inches can comfortably ride. The frame is angled up at the base of the seat to create a very ergonomic
position for the rider to push the petals and generate the maximum amount of force through the system.
Soulenoid Cycle has a lot of areas to improve upon in their design such as incorporating a variable
position seat for riders, using the appropriate amount of space for components to attach to the frame, and
reducing the overall weight of the frame.

Figure 4.1.3 Steel Bike Frame Built by Cal Poly’s Soulenoid Cycle
In Figure 4.4, is the winning team from the 2020 year of the fluid power vehicle challenge was Cleveland
University, with their innovative recumbent tricycle frame. The frame itself is composed of premade
carbon fiber tubes that were ordered out from a third-party company and at the interface of all the joints
are lugs that connect the carbon fiber tubes to the next section of the vehicle. This design really caught the
attention of Featherweight Cycles and sparked the ignition to redesign last year’s frame as a composite
recumbent tricycle frame.

Figure 4.1.4. Composite Bike Frame Built by Cleveland University

Table 4.1.1. Frame Design Weighted Decision Matrix

Criteria
The

Weight

Standard Bike
Frame
0
-1
6
10
-9
0
0

Recumbent
Frame
11
-1
6
-10
-9
3
8

Elliptical
Frame
11
-1
-6
-10
-9
3
-8

Safety
10
Cost
1
Durability
6
Weight
10
Manufacturability
9
Ergonomics
3
Human-Power
8
Efficiency
Size
2
0
-2
-2
Steering
5
0
-5
-5
Aerodynamics
4
0
4
-4
Creativity
7
0
7
7
Total
6
12
-24
weighted design matrix above yielded that the best overall frame design for this year’s team to tackle
would be the recumbent tricycle frame. The team decided that safety should be ranked first since it is
always the top priority. Weight and manufacturability followed since one of the team goals is to make the
lightest possible bike. Thus, the recumbent trike frame will be the focus of this year’s team.
From this point an ideation session was done to determine a frame concept that resembles a
recumbent style bike. This is an important step that will determine important factors of the frame such as
a flat frame style, angled frame style, wheel placement, and rider position.

Figure 4.1.5 Ideation model of a flat frame with four wheels.
The first ideation design in Figure 4.1.5 utilizes four wheels to provide durability of the vehicle and ease
of steering. It also provides lots of space for the components to attach to the frame, which can help
minimize loss of energy by easily placing pumps and chains at desirable locations. This design. however,
has four wheels, requiring more components to be added than the ideation designs below and increasing
the cost as well.

Figure 4.1.6 Ideation Model of a Flat Tricycle Frame.
The second ideation design in Figure 4.1.6 utilizes three wheels to provide ease of steering and to require
less components to be added than the first ideation design, which helps minimize the weight and cost. The
flat frame provides more space than the curved frame in Figure 4.1.7 to place the components at desirable
locations. It also simplifies the process of implementing the adjustable seat as well. Frame would have to
carefully analyzed for loads and stress since a minimal structure approach.

Figure 4.1.7 Ideation drawing of a curved frame with two wheels at the front and one wheel at the rear.

The third ideation design in Figure 4.1.7 utilizes the curved frame to allow the rider to comfortably steer.
One downside that this design has compared to the flat frame is that it would be less durable than the flat
frame, experiencing more deflection. Also, it will be difficult to implement the adjustable seat because the
seat will have to slide in a curved path, and it will be challenging to place the pneumatic system onto the
frame.

Figure 4.1.8 Ideation drawing of a flat frame with one wheel at the front and two wheels at the rear.
The fourth ideation design in Figure 4.1.8 can be powered connecting both back wheels to a single shaft
and having the two-way motor connected to that shaft through gears. This ideation concept would
potentially be to be a front wheel drive, but that this configuration could lead to cluttering at the front tire.
The steering mechanism could be simpler for this ideation design as less components to design for. The
design allows for the implementation of the pneumatic adjustable seat and simple geometry makes a
composite build possible.

4.2.2 Preliminary Analysis
Preliminary analysis of the loads on last year’s vehicle was done to ensure the loads of that frame
are accurate, and to see if the loads will be able to translate over to a composite frame. It is necessary to
conduct the analysis first on last year’s frame and justify the means of switching to a new composite
frame would be a reasonable option for this year’s team to focus on. Static and dynamic calculations will
help determine reaction forces at wheels. These forces can then be used to calculate axial, shear, and
bending stresses to ultimately calculate von mises stress which can be used to find safety factors for
different materials.
When considering a material for the vehicle frame there are important factors must be met: weight,
stiffness, and strength. For weight, different materials were selected for the previous year design and
compared.

Table 4.2.2: Comparison materials by specific modulus and strength. The volume of the 2021 FPVC
frame was used for this preliminary analysis and multiplied by the material density to find the weight.
Sample calculations can be found in Appendix K
Vehicle Material
Steel
Glass Fiber
Carbon Fiber

Specific Modulus
(N⋅m/kg)
2.63E+7
1.32E+7
4.37E+7

Specific Strength
(N⋅m/kg)
7.30E+4
2.31E+5
3.75E+5

As shown in Table 4.2.2, it was optimal to choose carbon fiber for the material of the vehicle frame
because it has greater specific modulus and strength. Steel, which was the material chosen by the 2021
FPVC team for the frame, was found to be the worst in terms of specific modulus and strength among the
three materials.
The dynamic analysis on the vehicle going around a turn radius with a constant velocity gave
frictional forces which were when used to find the reaction forces at the front and rear of frame where the
tires are connected.

Figure 4.2.2.a: This is the FBD and MAD schematic that were used to calculate the reaction forces in
Table 4.2.2.b. The FBD and MAD were used to calculate the friction forces the tires feel. Those friction
forces were then used to calculate the reaction forces at the frame. Reaction forces were the same for the
Front left tire and Front right tire due to frame symmetry and 50/50 vehicle weight distribution.
The intention of this analysis is to try to calculate the reaction forces that the vehicle might
experience during the competition. MATLAB code was generated to iterate through different turning
parameters, velocities around the corner, and weight distribution. A conservative approach will be taken
when designing for the frame so tighter turn radius of 50ft and high vehicle velocity of 25mph will be
used to calculate reaction forces.
Table 4.2.2.b: Reaction forces on the frame from dynamics analysis at turn radius of 50 ft and velocity of
25 mph with a vehicle 50/50 weight distribution. For this analysis, velocity around the turn was assumed
constant so tangential acceleration was 0. Only centripetal acceleration was considered when dynamically
analyzing the vehicle frame. Sample calculations can be found in Appendix J
Location on frame
Back Tire
Front left Tire
Front Right Tire

Reaction forces
Fx = 77 lbf, Fy = 318 lbf
Fx =77 lbf Fy =93 lbf , M = 963 lbf-in
Fx =77 lbf Fy =93 lbf , M = 963 lbf-in

The reaction forces are high, but reasonable as this analysis does not consider all dynamics forces
at play. The conservative reaction forces will make up for the missing dynamic forces generated going
around the corner. FEA can be conducted with these values, and stress concentrations can be addressed as
vehicle frame design evolves.
With these reaction forces stress analysis can be conducted in Fusion 360 to ensure the 2022
FPVC frame design can withstand these forces. The loads found will dictate the weave pattern of a
composite frame at specific locations as it is important the higher loads are oriented perpendicular to the
weave.

4.2.3 Detailed Description
The selected concept of the design will be a recumbent style frame that has a flat orientation, with
two wheels in the front and one wheel in the back. This was decided via tables 4.1.1 and 4.1.2 above,
setting the path to the detailed design of the frame. Thus, a frame was made using the Fusion 360 CAD
software to resemble these Design aspects and features.
Next, static loads were determined by making very conservative estimates on the component
weights, with the constraints added to the front and back wheel hubs because the deflection at those
regions is assumed to be zero. The load applied at the seat includes a conservative weight of human body,
200 lbf, in addition to the weight of the seat. The load applied by the top assembly of the frame is
estimated to be 80 lbf. The weights of the rest of the components are estimated by the Fusion 360
properties, assuming all components as carbon steel. With the loads defined as such, Finite Element
Analysis is done on the vehicle frame made of steel because composite material properties are dependent
on very specific parameters that vary such as layer thickness and weave patterns. Steel has lower specific
modulus than carbon fiber so it will give a better understanding of whether carbon fiber can be used as a
material of the frame.

80 lbf
50 lbf
35 lbf

7 lbf

215 lbf

66 lbf

Figure 4.2.1. This is the Featherweight Cycles chosen frame design with the static loads applied, and the
loads are based on the total weight of the components and having a 200-pound rider.

Figure 4.2.2. Finite element analysis of the vehicle frame made of aluminum describing the stress
distribution under the loads in the top view as shown above. The maximum stress is 9.452 ksi, which is
under the tensile strength of steel AISI 1045, 85 ksi.

Figure 4.2.4. Finite element analysis of the vehicle frame made of steel describing the displacement
under the loads as shown above. The maximum displacement is 0.0318 in.

Figure 4.2.5. An orthographic view of the vehicle frame made of steel displaying loads and constraints.
The constraints were applied at the rear end of the frame (Left end in the figure) and at two hubs (two
circular tubes on the right in the figure). For the rear end constraints, translational and rotational
constraints in all three directions were applied. The rear wheel attachment in Figure 4.5.2 would be
capped to prevent any rotational motion of the rear end. Assuming translational movements at the rear
end caused by a rear wheel would be trivial, the translational constraints in all three directions were
applied. For the two hubs, translational constraints in x, y, and z directions and two rotational constraints
in x and y directions were applied. The translational motions of the shafts inserted in x and y directions at
the hubs would be prevented by the geometry of the hubs. The bearings would be put on both top and
bottom of the hubs to prevent the shafts from translating in z direction as well.
These deflection values seemed reasonable and were compatible with the values seen from the 2020
FPVC senior design team. The 2020 FPVC team had the maximum deflection of 0.078 in as opposed to
0.032 in from our design. Even if there might be some uncertainties of deflection computed from Fusion
360, our frame design seemed quite durable to withstand the loads applied. As shown in Figure 4.2.2, the
stress at the center of the frame was the highest, which made sense since the sum of weights of the rider
and seat would be the highest applied load present.

4.2.4 Selected Concept Functionality
Based on the analysis of our ideation models, the frame designs from other schools, and the previous Cal
Poly FPVC teams, we decided to optimize the vehicle frame by minimizing the weight of the frame. It
was crucial to consider what could be done for components to be efficiently mounted on the vehicle while

keeping the frame as light as possible. As shown in Figure 4.2.5, we designed a flat frame with square
tubes made of carbon fibers; our front pump assembly and back pump assembly will be attached onto the
bottom side of the frame at the front and back respectively. The two linkages between the two long sqaure
tubes will be glued with epoxy adhesives. The front arm frame is attached to the front wheel link at an
angle. A head tube at the front will have a pedal attached; the angle at which the head tube is oriented will
vary from 105 to 150 degrees. The optimal angle that will maximize pedaling power depends on riders’
body because it influences the torque of all muscles attached at the hip [24]. Considering that inner leg
length of the rider is 85 mm, we designed the head tube length to be 175 mm [24].

Figure 4.2.6: The orthographic view of the 3D printed Frame of the FPVC vehicle.

4.2.5 Challenges of this Design
A couple of challenges with the frame center around manufacturability and the interfaces between
different materials or components. Designing the frame out of composite materials is a large challenge to
this design. Designing a circular cross section is good for torque loading but it is very weak for lateral
buckling. Square cross section tubing is very good for attaching other components on the frame and easier
than the circular cross section to create molds and can withstand buckling much better. A disadvantage
for square tubing is that it does not withstand torque loads very well. Designing the interfaces between
components on the cycle and the composite frame is a challenge because the components such as the
wheel axles, attachment of the accumulator or hydraulic components, and the pneumatic system are made
of different materials. There is a chance that the carbon fiber frame will undergo galvanic corrosion if it is
in direct contact with components made of a conductive metal such as steel. To combat this,
Featherweight Cycles hopes to add a layer of glass fiber between the carbon fiber and each metal

component added to the cycle. With the support and guidance of Dr. Mahadev, the team is confident the
proposed frame design will be manufacturable using campus resources.

4.3 Adjustable Seat Design
One design that the Featherweight Cycles team is planning to move forward with is an adjustable seating
position. Last year’s design team ran into trouble with their seat spacing, as the distance from the seat to
the pedals was too short and not adjustable. The team is hoping that with a broader range of seating
positions the rider will be able to adjust their seat to a comfortable position that allowing the rider to
generate maximum power. The next few subsections outline the decision process used to determine which
adjustable seat design will be implemented in the final prototype design.

4.3.1 Concept Ideation
To come up with various prototype ideas, the Featherweight Cycles team brainstormed various ways in
which to adjust the seat to pedal distance. This section will discuss the initial concept ideations created to
allow for adjustable seat heights. Comparisons between the ideation models were made using our analysis
tools and are discussed later in this section. There were five different designs compared during this
process. The first design utilized an articulation in the middle of the frame to move the wheels and pedals
further away from the seat. This design would have most easily been implemented if the team had not
forgone a single central beam design in favor of a more stable dual beam design. This first idea is
displayed below in Figure 4.3.1.

Figure 4.3.1 Central Frame Adjustment

The second design analyzed was a single pneumatic linear actuator used to move the seat forwards and
backwards along frame rails. This design was included in ideation to fulfil the need for a pneumatic
system in our recumbent trike to adhere to the competition guidelines. The ideation drawing is displayed
below in Figure 4.3.2 with a flushed out conceptual model included in section 4.3.3.

Figure 4.3.2 Pneumatic Cylinder Actuated Seat Position
A third design, similar to the second design utilizes two pistons instead of one to control the position of
the seat. This design is heavier but was analyzed for better control of the seat position. Using this design,
the opposing forces on the seat create for better stability at the cost of increased weight. This design is
displayed below in Figure 4.3.3.

Figure 4.3.3 Dual Pneumatic Piston Position Control
The fourth design analyzed was an adjustable crank position. This design used an articulating shaft that
connects to the frame to move the cranks forward and backwards to account for the change in rider leg
length. The initial model design is displayed below in Figure 4.3.1.4 with a note about where the crank
adjustment is found.

Figure 4.3.4 Adjustable Crank Position
Finally, the last design discussed is to implement a pneumatic dropper post to adjust the rider’s position
along frame rails. Using a dropper post as a passive pneumatic system would simplify the design but it is
unclear if this would be considered a pneumatic system in the eyes of the judges. The dropper post
schematic is found below in Figure 4.3.5.

Figure 4.3.5 Dropper Post Schematic
These five designs were compared and the results and analysis surrounding our final decision are included
in the following sections. The Pugh Matrix is included for reference in Appendix D. The Weighted
Decision Matrix used to narrow down the final design is included below.
Table 4.3.1: Weighted Decision Matrix for Seat Adjustment Mechanism
Criteria

Weight

Design 1

Design 2

Design 3

Design 4

Design 5

Bike Weight
Durability
Aesthetics
Energy Efficient
Number of
Components
Ease of Use
Manufacturability
Total
Rank

2
6
1
3

7
2
4
9

8
7
7
7

5
8
5
6

8
3
5
9

8
6
6
8

4

9

7

5

9

7

5
7

4
6
155
5

9
8
215
1

8
6
183
3

5
6
169
4

8
8
206
2

4.3.2 Preliminary Analysis
This design concept used statistics to validate our length characteristics. It was important to make sure the
final length fell within the proper height range while at its maximum and minimum lengths. Using the
average population heights and standard deviation, the team concluded that a seat to crank distance of 34
inches ± 4 inches would encompass 95% of the population. The lower end of this spectrum was defined
as two standard deviations for women’s height below the average divided by two. The upper limit of this
spectrum was defined by two standard deviations above the mean male height divided by two. Both these
limits were divided by two under the assumption that human heights are evenly distributed between their
upper and lower bodies.

4.3.3 Detailed Description
The selected concept for this design will be the single pneumatically actuated piston. With this design, the
bike will be electronically controlled to move the piston forward and backward by increasing or releasing
pressure to either side of the cylinder. The position control will link into the electronic display on the

handlebar for easy access. Using a potentiometer, the mechatronics system will be able to determine the
location of the piston and will change the air pressure in the cylinder until the error between the input
position and the real position is minimized. This design will use frame rails sourced from McMaster-Carr
and a hand brake to lock the seat in place to mitigate potential creep in the piston.

4.3.4 Selected Concept Functionality

Figure 4.3.6 Sliding Seat with Manual Stop CAD Model
The image displayed above depicts the design intent for the pneumatically actuated seat. The piston
behind the chair will be connected to the bottom plate of the chair and will articulate forward and
backward depending on what the set position of the seat is. The lever arm rods on the right and left sides
are connected to the disc in the center, acting as a brake to secure the seat in place. The piston under the
front chair plate is attached to a pin on the disc to allow linear to rotational motion conversion to rotate
the disc so that the lever arm rods can also be rotated to secure the seat in place. The seat rails are car seat
rails and can be secured to U-bolt plates on the composite frame on both sides. The pneumatic pistons
will be sourced from last year’s design and the mounting brackets are also going to be purchased from
McMaster-Carr.

4.3.5 Design Pneumatic system
Now that the pneumatic adjustable seat adjustment has been chosen a system of components is
required make the adjustable seat functional. This system will be made of air hoses, tube couplings,
cylinder piston, solenoid valve, air tank, and a control interface for the user to operate the seat adjustment.
These components need be able to withstand the load and stresses from pushing a person and cycle
loading. This system will require the following components:
1.
2.
3.
4.

Air tank
Air hose
Couplings
Cylinder piston

5. Solenoid valve
6. User interface/ Form of controlling the seat adjustment
7. Pressure regulators
A locking mechanism will be put on the seat like ones that are seen on car seats to avoid any further
movements once the seat has been adjusted. The rails will have holes at intervals throughout the length of
which the seat will need to be adjusted for a spectrum of riders.

4.4.5.1 Preliminary analysis
The system in place must be able to move a person forward or backwards to their desired
position. The range of motion that is needed is 10 inches. This system must be able to do this for a person
that weights 200 lbf max and hold enough air to do this 10 times before needing to recharge the air tank.
To find the correct components different pneumatic applications will be analyzed such as pneumatic
power tools and air brakes. These are system that are often high loads and experience cycle loading.

4.4.5.2 Detail Description
Majority of the pneumatic components will be bought from Norgren as they sponsor up to $500
dollars in parts. The couplings can be bought directly from Norgren has a selection of quick disconnect
couplings that could work for this application. Since this adjustable seat needs to be able to move
forward and backwards a double acting cylinder piston will be needed. This double acting cylinder piston
will have to couple with a double acting 5/3-way solenoid valve. The solenoid valve will be had 2 exhaust
valves that can be adjusted as to control the air flow through the system. This solenoid valve will allow
system to move the piston in both directions and it can be controlled electronically via a switch.

Air Tanks
The air tank primary function will be to supply air for 2-way pneumatic actuator and the smaller
pneumatic actuator that will be part of the locking mechanism. When deciding on a tank, 2 major
considerations are air capacity and weight. The air tank will need to be large enough to supply air to both
actuators for a minimum of 10 cycles before needing a recharge. The tank will have to be attached to the
vehicle frame and be carried for the entirety of the competition. From the NFPA 2022 rule book the max
storage pressure for the air tank is 150 psi and the operating pressure is 100psi. The current FPVC team
plans to charge the air tank to 150 psi and implement pressure regulators for both 2-way actuator and
locking mechanism actuator.

Figure 4.3.8: This is a 1 gallon air tank that is made out of aluminum and has dimensions of 16”Length x
5.125”Tall x4” Width. https://store.gaugemagazine.com/1-gallon-black-aluminum-tank-with-4-ports/
This air tank is lightweight weighing in at 8lbs. The air tank is made from aluminum which also makes it
strong. The max operating pressure for the tank is 400+ psi which means it’s safe enough to be
implemented on our vehicle without it putting the safety of the team at risk. The air tank comes with 5
ports that will be needed for charging, connecting the 2-way actuator hose, locking mechanism
accumulator hose, air pressure gauge, and drain valve. The ports of the air tank are 2 x ½“and 2 x ¼”.
This air tank will be bolted to the vehicle frame using brackets that connect to a ¼" aluminum plate. The
only potential issue with this air tank is that since it’s 16” long it will stick out of our vehicle body.

Hose
There’s some flexibility when choosing tubing. For this application 5/16” ID tubing works.
There’s a possibility to go with a slightly smaller inner diameter for tubing but going larger seems
unnecessary as the application does not require a large volume of air. For material type a polyurethane
hose will give us all the desired material properties such a flexibility and strength to withstand 100+ psi.

Tube Couplings
Norgren offers a few options for couplings. Quick disconnect or push in couplings seem to be the
most ergonomic form of connecting components. The couplings will have the same inner diameter as the
tubing. It’s possible that adjustors might be needed to connect different size fittings and tubing together
such as the solenoid and piston cylinder as those components are manufactured with preset dimensions.

Figure 4.3.8.1: This is the quick release fittings that would be used to connect hoses to
components for the pneumatic system.

Cylinder piston
A two-way piston cylinder will be needed for the adjustable seat. This two-way piston cylinder
will allow air to flow from two different directions giving it the ability to control movement in the
forward or backwards direction. Norgren offers two types of double acting air piston cylinder: ISO
cylinder and IVAC (Integrated Valve and Actuator). These two actuators will work for our adjustable seat
application.

Solenoid valve
The purpose of a Solenoid valve is to control air flow in the system. This adjustable seat works
best with a 5/2-way solenoid valve that gives the rider the ability to both retract or push the seat
depending on the input. We could use 2 individual single way solenoid valves but that would also require
2-cylinder pistons that push the seat forward or backward. Using 2 individual single way solenoid valves
is not practical for this design as weight is a concern.
The 5/2-way solenoid valve can only be turned on or off but the speed at which the air is allowed
to pass can be controlled by adjusting the exhaust valves. These exhaust valves can be left completely
open for rapid response times or closed for slower responses. The exhaust adjustment will have to be
tested as weight of the person will impact how fast or slow the seat can move.
The IVAC double acting air piston that Norgren offers has an integrated 5/2- way solenoid valve.
The ISO cylinder will require the team to implement a 5/2-way solenoid valve into the pneumatic system.
Both options are buyable. Below in the figure is a concept design from a YouTube video [23] of what our
system would look like if an ISO cylinder piston is used.

Figure 4.3.9: Concept of pneumatic system that will be implemented for the adjustable seat.
This is a 5/2-way solenoid valve connected to a cylinder piston. The tubes are 5/16” inner
diameter with quick disconnect couplings [23].

4.3.6 Locking mechanism for adjustable seat
4.3.6.1 Preliminary analysis
The adjustable seat will need some form of locking mechanism from keeping the seat from
moving after the seat has been adjusted to the desired position. This mechanism must be lightweight,
rigid, and work in conjunction with the pneumatic adjustable seating. To engage or disengage the locking
mechanism an electronic solenoid or pneumatic solenoid can be used. In theory, since the current
hydraulic system uses electronic solenoids, it should be easier to make the addition to the current control
system that is implemented. The team fears that tampering with the current control system to implement
the needed controls for the electric solenoids could jeopardize the working control system for the
hydraulic system.
A safer and creative approach would be using pneumatic solenoids to power the locking
mechanism. Pneumatic solenoids can withstand higher loads. Using pneumatic solenoids would not put
our working hydraulic control system at risk as well as putting the team in the running for the pneumatic
design award.

4.3.6.2 Design description
The primary purpose of the locking mechanism will be to keep the seat at fixed locations. Since
air in the pneumatic pistons can be compressed, this locking mechanism is essential to user so they can
comfortably perform during rides. The locking mechanism must be able to withstand the dynamic forces
from a human pedaling at full strength, dynamic forces from aggressive turning, and hard breaking. The
locking mechanism pneumatic solenoids will be hooked up to a pressure regulator that will be set to a
max working pressure of 25 psig. The regulators will ensure that we are using minimal pressure to engage
the locking mechanism to conserve air and prevent premature failure of the locking mechanism.

In Figure 4.3.10 below, the schematic for the adjustable seat design is depicted, This system
utilizes the above-described features such as 3/2-way & 5/3-way solenoid valves for air allocation, the
quick release airline fittings, a small pneumatic pistons for the locking mechanism, and the two-way large
pneumatic piston that will be used to move the seat forwards and backwards.

Figure 4.3.10: Pictured above is the mock schematic diagram for the pneumatic system and the interface
between electrical and mechanical elements of the system.
The locking mechanism when not moving will be held in place by either a camming locking
mechanism or a pin locking mechanism. There are advantages to both designs, the pin locking mechanism
would be easy to manufacture as it would require us to take a plate and waterjet clearance holes for the
smaller pneumatic actuators to insert the full extended piston rod. The challenge with this design is
aligning the plates perfectly with the smaller actuators so that the rods insert without issues or jamming's

don’t occur. The smaller actuators would be bought with piston rod full extended in the “off”
configuration so that air is not being utilized when the seat is not being adjusted. The second locking
mechanism is the camming rail that would use teeth to keep the seat in place. The camming rail would
have to be designed so that the teeth can release the smaller actuator piston rod when the seat needs to be
adjusted but also be able to hold the seat and rider in place when the vehicle is moving.
Also, in this design the electronic interface is currently set up with manual switches that the driver can
push or pull to control the location of the seat, and one manual switch that operates that locking
mechanism. This is just set up as a mock-up for initial design purposes, but it is intended for
Featherweight Cycles to implement a controller that incorporates positional feedback. The user will then
have a button to release this mechanism and the user will have the option of moving the seat forwards or
backwards to the next intended position. This will serve as a much better user experience and an overall
better implemented design of the pneumatic system that will work without locking issues for the user.

4.3.5 Challenges of this Design
One crucial challenge with this design is not knowing whether the pneumatic cylinder will behave in the
way Featherweight Cycles wants it to. All pneumatic cylinders typically extend the length of their stroke
when pressurized and retract when released. Our team hopes to be able to precisely control the position of
the pneumatic piston using a 5/2-way double solenoid pneumatic valve. There is one other engineer who
has released his results from a similar prototype but there are problems which he ran into that may be
encountered. Ideally, once the piston’s air supplies have been closed off, the cylinder would stop moving.
This is unfortunately not what happens since air is a compressible fluid. One side of the cylinder has a
greater force acting on it, causing the cylinder to creep. To account for the potential creep in this design, a
latching mechanism can be implemented to hold the seat in position once the seat has been moved.
Another challenge for this design is that components like the air piston and solenoid valve can come with
different diameter holes. This would mean that adjustors may have to be implemented to get all
components coupled together. Also, the IVAC double acting air piston that Norgren offers seems to be a
special order which could complicate how fast or how we would obtain that component if that route was
chosen.

4.4 Hydraulic Hardline Design
4.4.1 Concept Ideation
Two common lines used in the hydraulic industry were considered. Hydraulic hoses, more commonly used
in the NFPA Fluid Challenge, are rubber and flexible lines designed to withstand pressures seen in hydraulic
systems. They are easy to work with since they can bend to connect different components. However, hoses
expand under pressure, decreasing efficiency. Hydraulic hardlines are drawn tubing made of either steel or
aluminum, so their rigid material does not expand under pressure. Since hardlines cannot bend like hoses,
they require more planning to incorporate.

4.4.2 Preliminary Analysis
To justify this design decision, the Simscape Simulink for the boost mode was used to verify the
efficiency with and without hydraulic hardlines. The Simulink was made about 3 years ago from a Cal
Poly student named Nicholas Gholdoian, who can be reached out to through Dr. Hans Mayer. This model
has the power to account for fluid losses through solenoids, check valves and hydraulic lines as well as
account for losses due to the environment such as drag force and rolling resistance of the tires. Below is
the Simscape model for the Boost mode of the hydraulic circuit and the hardlines were tested using this
model and is displayed below in figure 4.1.1.
The Sprint Model was used to verify that hydraulic hardlines would improve overall performance. Last
year’s team Soulenoid cycle did not have enough time to design for hardlines and instead used hydraulic
hoses. To simulate their vehicle, the pipe wall type was set to flexible and the tube’s surface roughness
remained at 3.0x10-5 feet. Hardlines were simulated by changing the wall type to rigid and decreasing the
surface roughness to match that of drawn tubing, 5.0x10-6 feet. All other parameters were kept constant.

Figure 4.4.1. Simulink Block diagram simulating the hydraulic circuit in boost mode, with the effects of
hydro dynamic losses and the environmental losses affecting the mechanical system.
The previous group Soulenoid cycle conducted this analysis as well, proving that the efficiency
considerably did much better than having the flexible lines. The figures 4.1 1and 4.2 below represent
vehicle distance and vehicle velocity as function of time, thus comparing the flexible lines directly to the
hydraulic hardlines.

Figure 4.4.2. Model prediction comparing the effects change to hardlines of the results for Sprint
Challenge.

Figure 4.4.3. Model prediction comparing the effects of changing to hardlines for Maximum Velocity.
From the Figures 4.4.1 and 4.4.2 above the results showed an improvement from last parameters of 11%
in the sprint competition and of 9% in the vehicle’s max velocity. Featherweight Cycles determined the
benefits of hardlines to be substantial and worthy of the time to include them.

4.4.3 Detailed Description
For the implementation of hardlines, it is important to have all the Hydraulic components of the system
bolted into permanent place, as for installing the hydraulic hardlines. The reason for this is because the
hardlines cannot be reversed once they are bent. It is very important to have the components of the system
situated correctly before bending. The goal is to get the rest of the components of the bike complete and
then go to CSC of Salinas, a local agricultural hydraulics company, where they have the special tools to
bend and fit each hydraulic hardline to the bike.

4.4.5 Challenges of this Design
The challenges with updating the flexible hydraulic lines to hardlines is defiantly the manufacturing
portion and making sure that the components are in their permanent positions. If they are not there are
many problems that may ensue such as leaks, cracks at the interfaces, and possibility of having the
components not work correctly. For Soulenoid cycle, direct drive mode that converts direct human input
through the hydraulic fluid to powering the two-way pump in the rear to drive the wheels was problematic
that they were unable to complete the endurance challenge. Featherweight Cycles believes that the gear
ratio between the chain and the front pump is too small and needs to be increased, and make sure the
check valves aren’t taking any energy away from direct drive mode as addressed in the above section
2.3.2.

4.5 Rear Wheel Dropout Design
The addition of a composite design has added a layer of complexity to jointing components to the frame
of the vehicle. To attach the rear wheel unique challenges were address such as galvanization from having
carbon on metal, weakening of composite strength by drilling, limiting cross sectional geometry, and
limitations due to limited manufacturing techniques of composite materials.

4.5.1 Concept Ideation
An idea for the rear wheel attachment is snug fitting a male adaptor to the composite vehicle frame. This
adaptor can be made with a cylindrical or square cross-sectional area that will be designed to be male part
that will create a snug fit and will include a welded dropout, allowing the wheel and the vehicle frame to
be mechanically connected. The male adaptor would have to wrapped with glass fiber or coated with resin
to mitigate the galvanization effect between carbon fiber and steel. Once the metal adapter is snug in
place it can be bolted or riveted in place for rigidity. Below is a sketch of what the concept design will
look like for this first idea:

Figure 4.5.1: Concept design of the rear wheel attachment, the black tubes on right and left signify the
carbon tubes of the frame, and the red is the axle attachment that is being designed for the wheel in the
middle.

4.5.2 Preliminary Analysis
This design will address majority of the issues that arise when working with composite materials. The
robust design allows for a square or cylindrical cross section area without much modification of the
original design. Because the adaptor heavily relies on the snug connection, minimal drilling will be
needed to give it the necessary rigidity. Having access to Cal Poly metal shop this can foreseeably
feasibly manufacture this adaptor from concept with the help of technicians. Cost is not expected to be
high as aluminum tubes with nominal sizes are common and a bike drop off can be bought from a local
bike shop or online.

4.5.3 Detailed Description
A CAD model was created to resemble the above suggested concept design for the rear wheel
attachments. The Figure 4.5.2 below was created as an insert for the square tubing used in the frame
design to attach the rear wheel to the frame.

Figure 4.5.2: Concept design of the rear wheel attachment
By working with nominal stock sizes, the design can be simplified on the adaptor design as the male snug
would not require machining to get to the specified diameter. In addition to the snug fit the rear wheel
attachment will also be bolted to the carbon fiber tubes to ensure that the rear wheel attachment does not
slip off or move from the desired position. There is also the option of adding an adhesive between the rear
wheel attachment and the carbon fiber tubes as a form to bond these two components together. This
attachment was designed to be completely machined out on a CNC mill. We hope to speed up the
manufacturing process by choosing machining method.
The dropout has a slot shape extrusion to allow for movement if the chain for the regenerative pump
needs to be tightened. The slot design on the dropout allows the team to adjust or completely remove the
rear tire in an ergonomic manner. This deign consideration will be important when assembling the Fluid
Power Vehicle.

4.5.4 Challenges of this Design
The machining of the holes of the rivet connections can cause delamination, separation of layers, or fiber
protrusion, non-cut fibers). The impact of these effects will depend on parameters such as hole quality and
machining process. Conventional drilling will create the highest delamination but the most readily
available. Industrial state of the art drilling and circular milling will have the lowest delamination but
require more time do accomplish. These are factors should be considered as they weaken the structure and
reduce the quality of the rivet connection. Below is a diagram exemplifying these effects [21]:

Figure 4.5.5: These pictures show the difference in damage between conventional drilling, industrial state
of the art drilling, and circular milling on carbon fiber[21].

4.6 Vehicle Steering Mechanism
The steering mechanism for this fluid powered vehicle must be able to steer both front tires
synchronically, as the design for the frame is set to have two front wheels and one rear. Historically and
in industry currently there are many different styles of design that achieve this. The purpose of this
section is to way the costs versus the benefits of the different types of mechanisms and decide about what
concept the Featherweight Cycles will immolate.

4.6.1 Concept Ideation
There are many possible ways to accomplish the task of turning the front two wheels of a
recumbent trike with two front wheels and one rear wheel. Some designs are much more complicated and
weigh more than others, both of which are important factors that Featherweight Cycles are highly
concerned with.
The following figure 4.6.1 below, depicts a steering mechanism that has dual links or what is
known as tie rods that link up two a signal pivoting steering wheel for the driver to hold on too. This
design is mass produced and easily replicable, thus making it a very feasible design for Featherweight
Cycles to consider. Although it does harness a single hinge point in the center of the frame, thus making it
more advantageous to only have one single frame rail for this type of steering mechanism design.

Figure 4.6.1 Dual-Link Handlebar Steering concept.
The following figure 4.6.2 below, depicts a steering mechanism that has a single link or what is
known a tie rod that links up both wheels directly and the driver uses two separate handles to steer the
vehicle in the right direction. Thus, if one was to turn one side of the steering both wheels would follow
and at the correct turning radius respectively to each wheel. Souleniod cycles used this same type of
mechanism for last year's design because of its simplicity and ease of use.

Figure 4.6.2 Single Link Direct Steering
The following figure 4.6.3 below depicts a steering mechanism that utilizes the curvature of each
tire to steer the bike in the right direction. This is very similar to how a motorcycle turns at speed, and
basically the driver of the vehicle must lean the bike to the direction of which they want to go to. It is a
very complicated design that can even implement suspension into but is a costly and heavy solution to
steering the bike in the right direction. This concept is very complex to analyze and very hard to
implement to the frame, and the manufacturing of this design will be very difficult.

Figure 4.6.3 Lean Angle Based Steering concept.
The following figure 4.6.1 below, depicts a steering mechanism that has rack and pinion set up or
steering concept. This steering concept is similar to how a car steers its front wheels, as it uses a gear that
is directly hooked up to the steering wheel, and a rack which is connected between the wheels. The
number of parts and design needed to implement this design is high, but the benefit is to turn the vehicle
in very small controllable increments.

Figure 4.6.4 Rack and Pinion Steering concept.
The following figure 4.6.5 below, depicts a steering mechanism that has dual links or what is known as tie
rods that link up two a signal pivoting steering wheel for the driver to hold on too, as a concept ideation to
be implemented for Featherweight Cycles.

Figure 4.6.5 Featherweight Dual-Link Handlebar Steering concept.
The following figure 4.6.2 below, depicts a concept ideation to be implemented for Featherweight Cycles
that is a steering mechanism that has a single link or what is known a tie rod that links up both wheels
directly and the driver uses two separate handles to steer the vehicle in the right direction.

Figure 4.6.6 Featherweight Single Link Direct Steering concept.
The following figure 4.6.3 below depicts a steering mechanism that utilizes the curvature of each tire to
steer the bike in the right direction, as a concept ideation to be implemented for Featherweight Cycles.

Figure 4.6.7 Featherweight Lean Angle Based Steering concept.
The following figure 4.6.1 below, depicts a steering mechanism that has rack and pinion set up as a
concept ideation to be implemented for Featherweight Cycles.

Figure 4.6.8 Featherweight Rack and Pinion Steering concept.

Thus, the next logical step is to create a design decision matrix with the above ideation concepts
to choose the best design to implement to the Featherweight Cycles. The factors that contribute to the
durability safety, manufacturability and ease of use are ranked the highest in terms of implementation to
Featherweight Cycles. The below table will accurately weigh the pros and cons of each concept to help
decide the steering mechanism type for Featherweight Cycles design.

Table 4.6.1: Steering Mechanism Design Decision Matrix.
Criteria

Weight

Design 1

Design 2

Design 3

Design 4

Bike Weight
Durability
Aesthetics
Energy Efficient
Number of
Components
Ease of Use
Manufacturability
Total
Rank

2
6
1
3

5
8
5
6

8
7
7
7

2
4
9
9

8
3
5
9

4

5

7

1

9

5
7

8
6
183
2

9
8
215
1

3
3
106
4

5
6
169
3

The best design seems to be design 2, a steering mechanism that has a single link or what is known a tie
rod that links up both wheels directly and the driver uses two separate handles to steer the vehicle in the
right direction. Thus, if one was to turn one side of the steering both wheels would follow and at the
correct turning radius respectively to each wheel. Featherweight Cycles has decided on making this
concept for the build for its simplicity and ease of manufacturing.

4.6.2 Preliminary Analysis
Now that the design has been chosen, it's time to do some preliminary analysis on the load heavy critical
parts. First is deciding what materials to use for the two vertical shafts that will hold the wheel axles,
brake brackets, and tie rod brackets. Below in table 4.6.2 shows different possible materials to use for this
part and listing their material properties that make since for this application.
To decide on the correct material, it is first important to do a load analysis and figure out the
stressed induced on this part before deciding on the right material to make this critical part out of. Below
is the depiction of the induced loads on the shaft with undecided dimensions that can be manipulated to
withstand the loads induced on the bike.

Figure 4.6.9 Free Body diagram with Maximum Dynamic Loads Induced.

Using the above induced loads from the free body diagram, Matlab was used to calculate the
stresses induced and the factors of safety for each of the possible materials to be used for this
application. These can be seen in the table 4.6.2 below in the far-right column.
Table 4.6.2: Steering Shaft Material Consideration Table.
Front Shaft
Material
Alum 6061-T6
Steel
Glass Fiber
Carbon Fiber

Specific Modulus
(N⋅m/kg)
2.55E+7
2.63E+7
1.32E+7
4.37E+7

Specific Strength
(N⋅m/kg)
1.07E+5
7.30E+4
2.31E+5
3.75E+5

Density (kg/m^3)
2700
7800
2580
1550

Yield Strength
Factor of Safety
1.76
1.46
4.70
3.52

These factors of safety were achieved by the using a cross section for the tube of 1.25” outer diameter
with .125” wall thickness. The steel is the best option because of its ease of manufacturing and ability to
weld.

4.6.3 Detailed Description
The overall designed that Featherweight Cycles have chosen is depicted below in the following picture
4.6.10. The steering mechanism is consisted of two 1” diameter circular carbon fiber tubes with .125”
wall thickness, a 5 way-insert steel tube assembly in the center, and two steering shafts made of 1.25”
diameter steel tubes with .125” wall thickness. This design can ensure stability for its intended use in
competition.

Figure 4.6.10 Overall Chosen Steering Mechanism.

Here is a bottom view in Figures 4.6.11 and 4.6.12 that encompasses the shaft design, that will be welded
to square tubing that will then connect to the tie rod to which connects the two front wheels together. The
axles for the wheels will be slip fit through holes drilled in these members and will have a nut on the
opposing side to bolt the wheel to the frame.

Figure 4.6.11 Bottom view of the Chosen Steering Mechanism.

Figure 4.6.12 Right front tire hooked up to the frame with axle.
Both front wheels will have independent disk braking for the driver to grip directly onto the handlebars.
Steel was also chosen for this application because of the ease of manufacturability in that all the parts can
be welded together very easily. Aluminum comes with challenges of welding, thus using CNC mill would
most likely be the best option for manufacturing in that realm, but for ease and cost steel was chosen for
the Featherweight Cycles steering mechanism design.

4.5.5 Challenges of this Design
The possible challenges of this design could possibly be the brake design as it is independent braking and
the user may pull too hard on one side, it could be a potential hazard. Also, from all the welding there is
also the potential of warping that can occur due to being through off the tolerancing or turning radius of
wheels themselves.

Chapter 5: Final Design
This section discusses the final design for the fluid power vehicle. It will cover all the different
subsystems that make up the fluid power vehicle. The different subsystems are vehicle frame, hydraulics,
pneumatics, steering, and mechatronics. The final design will consider reliability, safety, ergonomics,
maintenance, and cost analysis associated with each subsystem.

5.1 Overall Final Design Description
Featherweight Cycles has determined its design through an iterative design process. The final
selection for the vehicle frame is a recumbent trike frame made of composite carbon fiber tubing bonded
to custom steel inserts. The pneumatic system is an adjustable seat design that pushes the seat forwards
and backwards and locks into any seat position within an adjustable seat-distance spectrum (10 inches).
The hydraulic system has 5 different modes, that are controlled through a touch screen user interface that
energizes the hydraulic valve. Below are figures representing the entire assembly of the Featherweight
Cycles designed by this year's 2022 Fluid powered vehicle representing Cal Poly in the National Fluid
Power Competition.

Figure 5.1.1: Final Design CAD model for 2021 Featherweight FPVC team.

Figure 5.1.2: This is the Bottom of the final 3D CAD model for 2021 Featherweight FPVC team.
This year's design features a lightweight horizontal carbon fiber frame and an innovative use of
pneumatics that will be capable of moving the seat holding the driver forwards and backwards and
locking in place. The goal with this design is to place 1st in the competition for efficiency challenge, sprint
challenge and endurance challenge of the competition. With the vehicles frame made of lightweight, high
strength carbon fiber, an updated more efficient hydraulic system, and a BMX racing national champion,
Featherweight Cycles will sail high above the competition.

5.1 Detailed Description of each Subsystem
5.2.1 Composite Frame Description
The name Featherweight Cycles would not be suitable if there was not a lightweight, high
strength carbon fiber frame. This frame consists of custom steel inserts which are epoxy bonded together
with the composite tubing in the front of the vehicle along with the two long square carbon fiber tubes
running down the length of the vehicle. The front of the vehicle features two perpendicular tubes which
locate the front headsets, made of high strength round carbon fiber tubes. The connection inserts for the
wheels are what are known as bicycle down tubes that are welded to steel tubes and will be inserted into
the composite tubing. Finally, there will be a high strength circular carbon fiber tube that is extended out
to hold the cranks at an angle that will be optimally set for the rider. A summary of all the frame
components involved in the design can be seen in table 5.2.1 below.
Table 5.2.1 List of all components related to the assembly of the frame.
Quantity

Component Description

2

Long Intermediate Modulus Square Composite Tube

2

Circular Front Tube

1

Crank Front Composite Tube

1

5 Way Insert

2

Downtube Insert

1

Crank Insert

2

Rear Dropout

The square carbon fiber tubing chosen is manufactured using multiple layers of pre-preg carbon
fiber materials. The term pre-preg means the carbon fiber is pre-saturated with the resin adhesive and
frozen before it is formed to the mold it will take. The square tubing chosen is 0.46 pounds for 66” of tube
and is made with intermediate modulus carbon that has a 3/8” medium checkered weave. It can be seen
below in figure 5.2.1. from the supplier Rock West Composites.

Figure 5.2.1: Square Intermediate Modulus Checkered Pattern Carbon Fiber tubing from Rock
West Composites.
In general, each layer is roughly 0.006 inches thick which means that a tube with a wall thickness
of 0.065 inches will be composed of 9 individual layers of carbon fiber. The number of layers allows the
manufacturer to vary the orientation of the fibers, thus strengthening the tube to allow for loads in
multiple directions. The radiused corners help reduce stress concentrations. For the composite tubes
located in the front of the vehicle holding up the front down tubes, and the cranks, is round 2x2 twill
pattern carbon tubing, as seen below in the following figure 5.2.2.

Figure 5.2.2: Gloss Finish 2x2 Twill pattern high strength carbon fiber tubing from RockWest
Composites.
This carbon fiber fabric tube has an internal diameter (ID) of 1.000" and an outer diameter (OD) of
1.252". The outer ply of material on this tube is a 2x2 twill weave which will prevent fiber breakout better
than unidirectional material. Thus, fabric tubes provide an ideal surface for machining. The core of this
tube is almost always comprised of layers of unidirectional plies which makes most carbon fiber fabric &
unidirectional tubes ideal for bending and compression applications.
Next, for joining the components of the composite frame together, custom steel inserts were designed
with the purpose of avoiding mistakes made by last year's team. The steel inserts located in the front of
the vehicle consist of 3 tee joints, and one large 5-way insert that will all be adhesively bonded to the
inner diameter of the composite tubing. The three tee-inserts in the front have a similar shape to that of
figure 5.2.3 downtube insert below.

Figure 5.2.3: Front downtube insert that will hold the shaft directly connected to the steering mechanism.
Specifically, the downtube will be composed of a real bicycle down tube that will encompass the normal
headset bearings between the front steering shaft and the frame itself. The downtube will be modified by
welding a 1.25” OD tube to the side to be inserted and bonded to the composite front round tubes. A very
similar design will be used to hold the front cranks. By using a real bicycle bottom bracket, the team will
be able to hold the crank shaft stable and secure. A secondary steel tube will be welded to the bottom
bracket sleeve which will insert into the composite tubing during adhesive bonding.
Finally, the last major component of the frame will be the 5-way steel tubing insert that is essentially the
heart to the frame. This insert consists of one 10” long steel tube with 1” OD and 1/8” wall thickness. The

two side ends of the round tube of the 5-way insert were machined down to .96” so they can be
adhesively bonded to the carbon tubes. The two square insert tubes were cut to 4” long, machined down at
one end to .96” x.96”, and notched at a diameter of 1” at the other end of which would be welded to the
10” long round tube. Lastly, a round insert tube was cut to 5” long, machined at one end to .96”, and
notched to 1” diameter at the end of which would be welded to the 10” long round tube. Extra triangle
supports were welded to the tube connected to the crank shaft as this was a point of stress concentrations.
It can be seen below in figure 5.2.4.

Figure 5.2.4: Front 5-way steel tubing insert that will hold the two long carbon fiber square tubes and the
three front carbon fiber round tubes.
The square tubing inserts have a critical dimension that separates them and should be welded after some
rear assembly parts are installed to ensure the correct spacing of the inserts themselves. The inserts again
will be adhesively bonded to the composite tubing with a 1mm bonding gap to ensure that all parts are
properly connected. The Series E120-HP Epoxy adhesive is what bonds the composite tube and metal
tube together. This adhesive is an Ultra strength, chemical resistant, aerospace grade that allows a
maximum shear stress of 4300 psi.
In order to correctly understand the human leg length of the driver, and the optimal angle for the pedals
and crank shaft, a structural prototype was developed. The horizontal and vertical distance from the seat
to the bottom bracket were tested using this prototype. Seen below are pictures of this test set up in Figure
5.2.5.

Figure 5.2.5: The structural prototype was used to finalize the seat to crank distances. This gave the 2021
FPVC group dimensions for the front tube angle that is connected to the crank and seat position.
It is important to figure out the crank angle and seat position because it will affect the
performance of the rider when in direct drive. The previous team had an issue with the seat position being
too close to the pedals, but the rider should be able to operate the vehicle comfortably by doing this
structural prototype. The optimal crank angle and distance from the seat backrest to the center of the front
crank are found by the test using the prototype as shown in Figure 5.2.5. The team must ensure that the
optimal crank angle is achieved in our cad model and the optimal seat position will be within the
adjustable seat position spectrum which ranged from 26.10” to 36.53”. The ideal crank angle relative to
the seat is found to be 45.4° as described in Figures 5.2.6 and 5.2.7. The ideal seat distance that our rider
feels the most comfortable is 31”, which is within the range of the possible seat distances.

Figure 5.2.6: This front tube crank angle is set to 45.4° after the team tested with the structural prototype
for the 3D CAD model.

Figure 5.2.7: The minimum and maximum horizontal distance between the center of the sprocket to the
backrest were found to be 26.10” and 36.53” respectively.

Featherweight Cycles is concerned about the forces of the 5-way steel tubing insert as they will
experience the highest dynamic loads induced by cornering at high speeds and the overall weight of the
vehicle with the rider mounted. While trying to minimize the weight of the front tubes, the team also
attempts to provide as much stability to the front tubes as possible to prevent any fracture failures induced
by the dynamic loads. To achieve this, Featherweight Cycles chose the steer tube assembly on the left
side in Figure 5.2.7 to be made of steel and welded together. To minimize the weight of the tubes, the
horizontal tube in Figure 5.2.8 will be made of high strength carbon fiber and will be bonded to the 5way-insert steel tube with an epoxy adhesive.

Figure 5.2.8: A picture of the front left tubes of the vehicle.

Featherweight Cycles choose to do hand calculations and a FEA analysis on the horizontal carbon fiber
tube due to the high induced loads. The material properties were assumed to be Aluminum 6061-T6
because carbon fiber material properties vary depending on part to part. Aluminum 6061-T6 will be a
conservative assumption. Below in Figure 5.2.9, the FEA analysis shows the max stress to be 15 ksi.

Figure 5.2.9: FEA Stress Analysis of the Gloss Finish 2x2 Twill pattern high strength carbon
fiber tubing from RockWest Composites assuming Al-6061 T6 material properties.
The constraints assumed in the FEA analysis can be summarized in the following Figure 5.2.10 and
replicates a model that is simplified to what the real assembly will be on the vehicle.

Figure 5.2.10: A picture of the constraint descriptions for FEA Analysis of the Gloss Finish 2x2
Twill pattern high strength carbon fiber tubing assuming Al-6061 T6 material properties

Figure 5.2.11: FEA Safety Factors Analysis of the Gloss Finish 2x2 Twill pattern high strength
carbon fiber tubing assuming Al-6061 T6 material properties
In the above Figure 5.2.11, the primary loads induced are bending and compression due to
dynamic friction from the front tires, and axial stress due to rider and weight of components from the
frame. The loads are assumed to be with the bike moving at a conservative 25 mph, and the rider
weighing 200 lbs. The vertical and horizontal loads in Figure 5.2.11 are set to 93 lbf and 77 lbf
respectively. The moment is set to 963 lbf-in. In Figure 5.2.10, fix translational and rotational constraints
are applied to the inner area of the carbon fiber tube because that is where the carbon fiber tube will be

bonded to the 5-way-insert steel tube with epoxy adhesive. The stresses scene by the FEA analysis done
in Fusion 360 are confirmed by hand calculations referenced in the Appendix M. In Figure 5.2.11, the
minimum safety factor is found to be 2.615, which will presumably increase if the tube material is set to
the high strength carbon fiber.
Featherweight is concerned with rear wheel drop out because of the loads induced on the
geometry. The combination of its geometry and the higher loads induced (Hand calculations in Appendix
J) concerns the team, so an FEA analysis was done to ensure that its design has a large safety factor, and
still be manufactured in time for the competition.
The rear dropouts, or rear wheel interface to the composite frame, is a crucial part of the bike that needs to
optimally work for the correct wheel hub width. Below in Figure 5.2.17, depicts the assembly of the rear
wheel attachment.

Figure 5.2.49: This design uses a steel tube as an insert to the composite tubing, and a step inward to hold
the rear hub at the correct spacing for the rear gear hub.
An FEA analysis was conducted on the rear wheel attachment for the purpose of ensuring the design can
withstand the loads induced on this unusual geometrical shape. The loads were calculated in the highest
dynamic setting of the vehicle, cornering at 28 mph on the bike (Hand Calculations found in the
appendix). These loads were used in the FEA, and the design was changed and strengthened until the
safety factor was above 2.0. Below figures 5.2.50 and 5.2.51 show how the constraints and loads were set
for the FEA analysis, for using steel as the material properties. The safety factor found for this was 2.518
in the worst possible dynamic loading of the part, thus Featherweight will proceed with the manufacturing
process for this design because of the gained understanding that is part will not fail under loading.

Figure 5.2.50: FEA on the rear wheel attachment, using steel for material properties. de aluminum
reservoir.

Figure 5.2.50: FEA on the rear wheel attachment, using steel for material properties. de aluminum
reservoir.

5.2.7 Vehicle Weight Justification
There are many different components and subsystem designs that need to be on this fluid
powered vehicle. There is a composite frame, steering mechanism, hydraulic components, and pneumatic
components. Below is a list of nearly all components on the vehicle, and their corresponding weight. As
shown in Table 5.2.6, the total vehicle weight is 123.52 lbs. Without 2 gallons of the hydraulic fluid, the
total vehicle weight is 107.12 lbs. Without the pneumatics, the total vehicle weight is 84.90 lbs.
Compared to Solenoid Cycle’s vehicle; Featherweight Cycles will roughly achieve a 20- pounds weight
reduction because the Solenoid Cycle’s vehicle weight without the hydraulic fluid is 126.66 lbs as shown
in Figure 5.2.52. Featherweight Cycles are content with the current vehicle design because Featherweight

Cycles will achieve weight reduction with the implementation of the pneumatics unlike Solenoid Cycle.
Most of the components are made of materials such as aluminum or steel, and it is easy to calculate
weight based on the parts volume, and purchased parts often came with a weight specification. Hydraulic
components were weighed using the scale in the senior project room.
Bond Analysis
Bonding strength is important for the rigidity of the bike, safety of the rider, and safety of vehicle. The
adhesive that was chosen for bonding the composite tube and metal was Loctite E-120HP epoxy adhesive.
A specification sheet for the Loctite E-120HP epoxy adhesive can be found in Appendix Q.
The Loctite E-120 has a maximum shear strength of 4300 psi. For the 5-way insert the circular inserts of
.96” diameter with a bonding length of 3.5” this allows for a bonding area of 10.55 in2 . These circular
inserts bonds could individually withstand a total 45365 lbf of induced loading before breaking in shear.
For the square insert bonds those at are .96”x3.5” giving a surface area of 13.44 in2, they can withstand a
total induced load of 57792 lbf before breaking in shear.
When analyzing the bonds in the inserts on the 5-way insert it’s important to understand the driving loads.
Shear is going to be driving factor when deciding bonding area. Since the bond is sandwiched between
the composite and steel tube bending forces become less threating when analyzing for failure. The bond
analysis calculated a max shear induced stress of 2511 psi. The maximum shear strength for the adhesive
is 4300 psi and this produces a safety factor of 1.71 for the bond. Based on the maximum induced shear
stress it can be deducted that the bonding area The adhesive bond analysis can be seen in Appendix S.

5.2.2 Steering Mechanism Description
The overall design of the steering mechanism that Featherweight Cycles has chosen is depicted below in
the following figure 5.2.12. The mechanism is two handled, and connected by a tie rod, located
underneath the front pump. This linkage utilizes the mechanics of an Ackermann steering linkage.

Figure 5.2.12 Overall Chosen Steering Mechanism.

Components that will be part of the steering mechanism are included in the following table 5.2.2, that
consists of 5 custom made parts. The rest are parts that will be reused or purchased in order to complete
the assembly of the front mechanism.

Table 5.2.2 List of all components related to the assembly of the front frame.
Quantity
Component
1
Tie Rod
2
Tie Rod Bracket Right
2
Tie Rod Bracket Left
2
Front Downtube Shafts
2
Front Axle
2
Disk Rotor
2
Brake Caliper
2
Brake Mount
2
L-Shaped Handle
1
Front Sprocket
1
Cranks & Pedals
2
Handle Stem
The mounting portion of the handlebars are made of 1.25” aluminum tubing that will attached to each
front shaft with handlebar stems on both sides of the front assembly. Another aluminum tubing welded to
this tube will be a 7/8” aluminum tube and mounted perpendicular to the 1.25” tubing for the purpose of a
grip for the rider and to ensure the front brake mounts on the correct cross-sectional area. A structural
prototype was created to replicate the handlebars and to understand the manufacturing process of notching
steel tubes and welding them together. Figure 5.2.15 below shows this structural prototype of the
handlebars.

Figure 5.2.15 Structural prototype Steering Mechanism front handlebar.

Figure 5.2.16 Steering Mechanism front handlebar.
Therefore, the final design resembles figure 5.2.16 above and will be able to fit the brake handles on the
smaller diameter tube, while also able to clamp the larger diameter tube to the steering mechanism front
shaft.
The following figures 5.2.13 through 5.2.15, depict the custom parts that will be manufactured by
Featherweight Cycles for the steering mechanism. The first two figures 5.2.13 and 5.2.14 will be made of
steel because of its ease of welding. The tie rod bracket connects to both shafts, and the tie rod connects
them together for uniform steering.

Figure 5.2.13 Steering Mechanism left tie rod bracket.
The front downtube shaft is made of .125" wall thick 1.25” OD steel tubing that will be welded to s 1.5”
circular plate to be welded to square tubing. Hand calculation analysis justifying tube sizing can be seen
in Appendix L- Steering Mechanism. With the given geometry we have a safety factor of approximately
1.76. The inner diameter needs to be 1.125” so that a standard bike headset could be used for downtube.
The outer diameter of the downtube is small enough so that it can have a clearance fit with the headtube
which is required for proper functionality. The 4130 steel headtube from Paragon Machine Works have a
wall thickness of .156” and accepts 44mm headset cups. The assembly meets all design parameters and
functions as intended. The square tubing will serve the purpose of holding both front wheel axles and will
locate the mounting points for the tie rod brackets and brake mounting hardware for the front wheels as
wheel.

Figure 5.2.14 Steering Mechanism front downtube shaft & axle holder.
The steering mechanism design resembles that of an Ackermann steering linkage. This allows for
even wear of the front tires, and a display of this concept can be seen below in figure 5.2.17.

Figure 5.2.17 Ackermann Steering Concept.
The Ackerman Steering Principle defines the geometry that is applied to all vehicles (two-, three- or fourwheel drive) to enable the correct turning angle of the steering wheels to be generated when negotiating a
corner or a curve. This is an important concept to consider because there should be no slipping between
the wheel and road. The no slipping can be achieved when the translational velocity of the vehicle and the
rotational velocity of the wheel are the same in magnitude, but opposite in directions. When the wheels
are turned while corning the vehicle, the translational velocity will not be the same as the rotational
velocity in magnitude or opposite in directions unless the angles of the steering wheels are correctly

adjusted. The correct angle adjustments of the steering wheels can be achieved by implementing the
Ackermann Steering Principle into the Featherweight Cycles design as shown in Figure 5.2.18.
The general concept of the Ackermann Steering in Figure XY shows that pivot points of each wheel are
connected together by a imaginary common point regardless of whether the wheels are turned. This
concept is implemented into the Featherweight’s recumbent trike by keeping the tie rod pivot points and
steering tube pivot points perfectly converging to a common point of which a rear wheel is located as
shown in Figures 5.2.18 and 5.2.19. This design helps achieve uniform tire wear while vehicle negotiates
a curve.

Figure XY. A simplified representation of the Ackermann steering concept for a 4-wheel vehicle.

Figure 5.2.18 Ackermann Steering Concept built into Featherweight’s steering mechanism.

Figure 5.2.19 Close up Ackermann Steering Concept built into Featherweight’s steering mechanism.
With Featherweight’s final design of the steering mechanism, it should hold up functionally and it should
be very manufacturable. The implementation of the Ackerman steering concept should allow the vehicle
to corner at speed.

5.2.3 Pneumatic System Description
The pneumatic adjustable seat subassembly will be composed of an air tank, our air reservoir,
polyurethane hose, quick release tube couplings, a 2-way pneumatic actuator, 1x 5/3 solenoid valve for
the seat adjustor, 1 x 2/2 solenoid valve for the locking mechanism, electrical system to power the
solenoids, and pressure regulators.
Table 5.2.3 List of all components related to the assembly of the pneumatic system.
Quantity
1
2
2
1
1
2
2
2
2

Component
Air Tank
2-way Pneumatic Actuator
1-way Pneumatic Actuator
5/3 solenoid valve
2/2 solenoid valve
Axle
Front wheel
Disk Rotor
Brake Caliper

3
3
1
1

12 V relay
Electrical switches
18 gauge wire roll
12 V battery pack

Figure 5.2.20: The 2-way actuator is attached to the bottom of the seat and will be visually hidden. Hoses
will be routed from the air tank to this actuator.
Pneumatic Schematic
The pneumatic schematic below summarizes the pneumatic subsystem assembly. It displays the
relationship between components and their physical location. This schematic does not include the
electrical wiring required to operate the entire system.

Figure 5.2.21: Pneumatic subsystem circuit schematic constructed in AutoCAD Electrical

Air tank

The air tank will have to be 1 gallon to have enough air available for 10 adjustment cycles. It will be
charged to 150 psi that is the maximum allowed for the NFPA competition. The air tank itself can operate
at 200+ psi.

Figure 5.2.22: This is a 1-gallon air tank that is made from aluminum and has dimensions of 16” Length
x 5.125” Tall x4” Width.
Hose
The hose will be made of polyurethane material and will have a 1/8” ID and 1/4” OD. The 2020 FPVC
team bought a roll of this hose, and the current team will use the rest of this material. The maximum
operating pressure for this hose is 150 psi.

Figure 5.2.23: This is the hose 1/8”ID and 1/4” OD made from polyurethane material.
Tube couplers
The 2020 FPVC team had excess ¼" OD quick release male fittings and T-fittings that are new and can
be used for this year 2021 pneumatic subsystem. The max operating pressure of the fittings is 150+psi.

Figure 5.2.24: These are the excess ¼" OD quick release fitting that were unused by the previous 2020
team.

Air Cylinder

Figure 5.2.25: This is the double acting pneumatic actuator that will be used for the adjustable seat. It
has a 10” stroke, 1.5” cylinder diameter and 5/8” cylinder rod diameter.
Norgren sells these double acting actuators for $118 and sells the mountings to attach the actuator to
the vehicle. With the 1.5” diameter cylinder operating at 100 psi well be creating 171 lbf of force which
would be enough to move the seat with a person on top of it. This actuator meets the team's
requirements to ergonomically adjust seat position for riders in order to maximize performance.
The 2-way piston body will be rigidly mounted to the vehicle frame using a rear clevis mounting 40mm
bore and the piston rod will be connected to the bottom of the seat using a rod clevis assembly. Both
mounts will be bought from Norgren.

Figure 5.2.26: The mountings brackets for the 2-way double acting pneumatic actuator.
The previous 2020 team had bought a small actuator that we plan to reuse for the seat locking
mechanism. It operates between 5-110 psi which would work for our pneumatic system since the
operating pressure for this locking mechanism actuator will be 30 psi.

Figure 5.2.27: The smaller spring-loaded actuator for the locking mechanism. The port diameter is ¼"
NPT and cylinder rod extends 1-½”.
Solenoid valve
The 5/3 solenoid pneumatic solenoid valve will have 5 ports and 3 states and will control the double
acting pneumatic actuator. The 3 states will allow air flow to the back of the actuator that will extend the
cylinder rod, allow air to flow towards the front of the piston that will retract the cylinder rod, and the last
state will pressurize both side of the actuator to keep a center position. The 5/3 solenoid valve has an
operating range between 21-116 psi that would work for our operating system pressure of 100psi.

Figure 5.2.28: The 5/3 solenoid valve with ¼" NPT that uses a 12V power source.
For the locking mechanism the smaller actuators will need be connected to a 2/2 solenoid valve. The 2/2
solenoid will control the air flow going into the one-way spring-loaded actuator. The 2/2 solenoid valve
will be normally opened with would translate to the small pneumatic actuator rod being normally fully
extended. In this configuration the seat will normally be locked unless if the 2/2 solenoid valve is excited
then the solenoid valve will close allowing the smaller actuator to fully retract.

Figure 5.2.29: The 2/2 solenoid valve with a ¼" NPT that operates using a 12V power source. The max
operating pressure is 175 psi.
The 5/3 and the 2/2 solenoid valve will be relatively close to the actuator to conserve air. The reason for
putting the solenoids close to the actuators is because every time the solenoids are activated and
deactivated the air beyond the outlet ports will be released and wasted. A pressure regulator will be placed
between the air tank and the solenoid valve to help conserve air in the system.

Pressure regulator
The pneumatic system will have 2 pressure regulators. One pressure regulator will be used for the locking
mechanism, and it will be set at 30psi. The locking mechanism doesn’t need to operate at high air
pressure because the piston rod isn’t being pushed by anything out of the pin slots. The lower operating
pressure means that we can conserve air per cycle use. The larger 2-way actuator will be connected to the
second pressure regulator set a 100psi. The higher pressure is needed for the large 2-way actuator as it
will have to move with the load of weight of a human on top of it. These pressure regulators will be
placed as close to the high-pressure air tank as possible as to limit the air flow going into the rest of the
hose length.

Figure 5.2.30: The pressure regulator for final design has an operating range of 5-100 psig and NPT ¼".
Electrical

For the pneumatic subsystem electrical components will be needed to power the 2/2 and 5/3 solenoid
valve. The 2/2 solenoid valve will have one solenoid that will need power and the 5/3 solenoid valve will
have two solenoids that will need power. For the current pneumatic system subsystem 3x switches, 3x
relays, 1x 12V battery, and 18gauge wire. There are crimping tools for pin connections that will be used
to connect the electrical system. The switches will operate at low voltage and will be connected to
individual relays which will pass the 12 V needed to operate the solenoid valves.

Figure 5.2.31: Electrical relay needed for pneumatic electrical system.

5.2.4 Seat Rails and Seat Design
The seat rails guides, and steel bearing carriages will be purchased from McMaster Carr. The seat
will be attached to 4 steel bearing carriages that will be able to linearly translate on the rail guides. Each
steel carriage can withstand 150 lbf of static load rail making the maximum static load 600 lbf.
The seat will sit on and attach to the two rails thus making the positioning system complete. The selected
seat is a go cart bucket seat, that is made from plastic and relatively low weight but still very durable and
stiff. In the following figures 5.2.33 and 5.2.33, the seat is shown as will be on the bike and its orientation
relative to the sliding plates.

Figure 5.2.33: The seat that will be mounted to the rail guide and steel bearing carriages.

Figure 5.2.34: The CAD assembly using the pneumatic adjustable seat subassembly.

5.2.5 Hydraulic System Description
The Hydraulic system for the Featherweight Cycles is the most crucial system of the bike that needs to
optimally work for the competition. Below in Table 5.2.4, is a list of all the major components of the
hydraulic system.
Table 5.2.4 List of all components related to the assembly of hydraulic system.
Quantity
1
1
1
1
2
6
1
1
3
1
2
8
1
1
2
1
4

Component
Reservoir
Front Pump
Rear two-way motor
Manifold
Hardline
Solenoid
Relief Valve
Pressure Transducer
Check Valves
Pressure Guage
8020 1”x1”x20” rails
8020 Fastener
Accumulator Mount Plate
Reservoir Mount Plate
Clamping U-Bolt
Accumulator Assembly Plate
8020 Mounting L-Bracket

To learn what spacing was needed for the mounting of the accumulator and reservoir and account for the
height of the hydraulic manifold and pneumatic tank, the following Figure 5.2.35 structural prototype was
created. The spacing is also important to re-use custom brackets for the hydraulic accumulator.

Figure 5.2.35: This structural prototype gave the team an idea of how to work 8020 aluminum frame and
dimension and position the reservoir, accounting for the height of the accumulator.

Then, considering the spacing of those hydraulic components and ensuring that t-slotting will work for
holding these larger components, the final design was found to resemble the following Figure 5.2.36.

Figure 5.2.36: This design uses two 20” long 8020 aluminum 4-way T-slots, with U-bolts to hold the
custom-made hydraulic reservoir.
Hydraulic Driveline
A major component of the hydraulic performance is the gear ratios in the front and in the rear of the
vehicle. The hydraulic pump in the front and the rear two-way motor are fixed bent axis piston pumps,
that have a 5 cubic centimeter displacement for every revolution. Thus, the hydraulic fluid will travel
from the front to the rear of the vehicle with a 1:1 ratio. Since Featherweight cycles want to keep the
hydraulic components the same, the only way to adjust gearing is to do it at the interface of the pump to
the wheel.
The front gear ratio between the front pump and the crankshaft is also important, as the driver will propel
the vehicle forward in direct drive mode with this ratio and charge the accumulator. Below in figure
5.2.39 shows the concept of the front gear ratio as the driven gear on the left is hooked up directly to the
front pump.

Figure 5.2.38: Front Gear ratio on the front pump is important for the direct drive mode of the hydraulic
system.

The front gear ratio is still being determined by Featherweight but the range of ratio’s it could be between
4:1 and 10:1. Direct drive has been an issue with last year's vehicle and the issue is still in the process of
being resolved.

Hydraulic Circuit Drive Modes
Below in figure 5.2.39, there is a complete description of the hydraulic circuit for the Featherweight
hydraulic circuit. The dashed line around the outside of all the solenoids represents the hydraulic manifold
boundary in the circuit. Thus, all the ones outside of the line represent the outside components like the
reservoir, manifold, pressure transducer, relief valve, pump, and rear two-way motor.

Figure 5.2.39: Full hydraulic system schematic onboard the Featherweight Cycles vehicle.

The hydraulic manifold was designed two years ago from an older Cal Poly team, and the hydraulic
system seems to work well, thus Featherweight has decided to improve the hydraulics but not change the
underlying structure of the hydraulic system. The manifold was made by hydra force and Mark Deckler,
Featherweights hydraulic mentor from industry, had all the records and files for making of the manifold.
Thus, the main design needed for hydraulic system will be the reservoir, the mounts needed for all the
hydraulic components, and the gear ratios in the front and the rear of the bike.
There are currently 5 drive modes available with the current hydraulic manifold circuit, and the
descriptions of each can be found in the following figures. The red line arrows show the direction of flow
for the hydraulic fluid through the schematic.
The below figure 5.2.40 shows the hydraulic circuit in the direct drive mode which is the solenoid default
position for the bike. In other words, none of the solenoids need to be energized to be able to use this
mode. This mode will be utilized mainly during the endurance challenge of the competition.

Figure 5.2.40: The hydraulic manifold circuit works in direct drive mode when none of the
solenoids are energized.
Next, in figure 5.2.41 below, the hydraulic circuit is in boost mode, otherwise known as
accumulator discharge mode in which all the built-up pressure in the accumulator is released to
the rear motor of the bike, propelling the vehicle forward. This mode will be used in the
efficiency test and sprint race of the competition. Two solenoids need to be energized to use this

configuration, named SV5 and SV1, regulate the flow and control the direction of the fluid
through the rest of the circuit. The other solenoids are all inactive in this configuration, and the
fluid flows directly from the accumulator through the two-way motor to the reservoir.

Figure 5.2.41: Boost mode, the solenoids SV1 and SV5 are energized when the driver triggers boost
mode, discharging all built up pressure in the accumulator.
Following boost mode, is braking regeneration mode, in turn switches the accumulator into charge mode
building up pressure. This mode uses the translational velocity of the vehicle and the friction of the
ground to turn the rear motor, effectively turning the rear motor into a pump, pumping fluid back up into
the accumulator. This mode effectively acts as a brake as the pressure gets higher in the accumulator, the
bike slows down. This mode will be harnessed in the endurance test of the competition and must show
that the vehicle can move forward from the regeneration mode of the circuit.

Figure 5.2.42: Regenerative braking mode, the solenoid SV4 gets energized when the driver triggers
regen mode, charging the accumulator using the vehicles translational velocity.
This hydraulic manifold also includes a coast mode which can be utilized to do many things during the
competition. This feature tends to be rare among the groups because it's not necessary for the competition
so many groups skip over the designing for this. But when in competition it could be utilized for mid
boost mode to allow the vehicle to coast mode without using all the stored energy. Below in figure 5.2.43,
the coast mode is displayed and only SV3 needs to energize when utilizing this circuit.

Figure 5.2.43: Coast mode, the solenoid SV3 is energized when the driver triggers coast mode, where the
bike can move freely forward, and SV4 was energized as well this mode to allow fluid flow back to the
reservoir.
Finally, the last mode utilized most definitely for the sprint and efficiency tests of the competition as
viewed below in figure 5.2.44 as the pedal to charge the accumulator mode. This mode can be utilized
when the bike is stationary before races or during races if it is desired to charge the accumulator
intermediately. The pedal to charge mode allows the driver to pedal and charge the accumulator directly
through the front pump, and the SV1 and SV2 solenoids need to energize to use this mode.

Figure 5.2.44: Pedal to Charge mode, the solenoids SV1 and SV2 are energized when the driver
triggers pedal to charge mode, to build up pressure in the accumulator in a stationary state of the
vehicle.
5.2.7 Vehicle Weight Justification
There are many different components and subsystem designs that need to be on this fluid
powered vehicle. There is a composite frame, steering mechanism, hydraulic components, and pneumatic
components. Below is a list of nearly all components on the vehicle, and their corresponding weight. As
shown in Table 5.2.6, the total vehicle weight is 132.99 lbs. Without 2 gallons of the hydraulic fluid, the
total vehicle weight is 116.59 lbs. Without the pneumatics, the total vehicle weight is 91.80 lbs.
Compared to Solenoid Cycle’s vehicle, Featherweight Cycles will roughly achieve a 10- pounds weight
reduction because the Solenoid Cycle’s vehicle weight without the hydraulic fluid is 126.66 lbs as shown
in Figure 5.2.52. Featherweight Cycles are content with the current vehicle design because Featherweight
Cycles will achieve weight reduction with the implementation of the pneumatics unlike Solenoid Cycle.
Most of the components are made of materials such as aluminum or steel, and it is easy to calculate
weight based on the parts volume, and purchased parts often came with a weight specification. Hydraulic
components were weighed using the scale in the senior project room.
Table 5.2.6 List of all components weight on Featherweight Cycles vehicle.
Component

Material

Quantity

U-bolt
U-bolt Plate
Pneumatic actuators

Steel
Aluminum
Steel/Aluminum

12
6
2

Weight
[lbs]
0.72
0.87
2.70

Chair Support
Steel
Frame Torsional Stiffness member
Steel
Frame Stiffness T-rail
Aluminum
Composite Long Square Tube
Carbon Fiber
Front Composite Circular Tube
Carbon Fiber
Crank Composite Tube
Carbon Fiber
5-way insert
Steel
Tee-insert
Steel
Rear Wheel Attachment
Steel
Steering tube
Steel
Wheels
Steel
Tie Rod Bracket
Steel
Tie Rod
Aluminum
Handlebar
Aluminum
Seat
Plastic
Seat Mounting Plate
Aluminum
Seat Rail
Aluminum
Seat Locking Plate
Aluminum
Position Pneumatic Cyl
Aluminum
Locking Pneumatic Cyl
Aluminum
Locking Piston Bracket
Steel
Air Tank
Aluminum
Manifold
Steel
Reservoir
Aluminum
U-Bracket Reservoir
Aluminum
Reservoir Plate
Aluminum
Rear Pump
Steel
Front Pump/Gear Box
Steel
Front Pump Plate
Aluminum
Rear Pump Plate
Aluminum
Hydraulic Assembly Plate
Aluminum
Accumulator
Composite
Accumulator Plate
Aluminum
8020 bar
Aluminum
8020 Mount Bracket
Aluminum
1.0 Gallon of Hydraulic fluid
Hydraulic Fluid
Total Weight [lbs]

2
2
6
2
2
1
1
3
2
2
3
2
1
1
1
2
2
2
1
2
2
1
1
1
2
1
1
1
1
1
1
1
1
2
4
2

2.31
1.71
1.16
0.46
0.22
0.37
1.67
0.16
0.78
1.42
2.9
0.18
0.63
0.48
2
0.48
2.0
0.14
2.55
0.1
0.11
8.0
13.4
7.9
1.75
0.64
6.4
18.0
2.19
0.31
3.46
11.8
0.44
0.85
0.179
8.2
132.99

Figure 5.2.52: The 2020 fluid power vehicle on scale measuring the weight of their entire
assembly without hydraulic fluid.

5.3 Safety, Maintenance, and Repair Considerations
The safety of the user and the device are of high importance. Components in all cases were designed to
meet or to exceed the competition requirements. For the hydraulic and pneumatic subsystems no leaking
of fluids is a form to verify that the systems are operating property and functional. Additionally, any form
of leakage would disqualify the team from the FPVC. The hydraulic and pneumatic subsystems will have
pressure gauges at various points to check that components are within operating pressure. The hydraulic
sub-assembly will operate at 2800 psi maximum, and the pneumatic sus-assembly will operate at 150 psi
maximum. These pressure limits shall be followed for the safety of everyone. Steel toes shoes and safety
glasses will always be worn when operating the vehicle. The steel toe shoes, and safety glasses can be
bought using the sponsor stipend. Gloves will also be worn when working with hydraulic components for
hygiene and safety reasons.
Long term maintenance is not much of a priority for this group as fluid power vehicles are constantly
being altered year after year and components are often being changed out. For certain components like
hydraulics, it’s important that these components are maintained as they are operating at high pressures.
These high hydraulic pressures can be hazardous if components are not in proper working order. A local
hydraulic shop, Contractor's Maintenance, is a place where our hydraulic front and rear pump are
inspected. By checking that major components are in working order, we can ensure the safety of the rider
and device. New hydraulic fluid will be used prior to testing and the competition in Colorado. This fluid
is being provided by the NFPA FPVC sponsor Iowa Fluid Power.
Extra pneumatic and hydraulic fittings will be ordered to replace any that may be damage during the
manufacturing of the final vehicle assembly. Since the current hydraulic system leaks majority or all the
fittings will be replaced. Proper fittings will make the hydraulic system efficient and guarantee that
everything is connected properly.
1. For any emergency purchases and services, the team will rely on local business professionals. The
SLO bike shop can provide services for anything bike related at a rate of $100 dollars per hour.
Contractor’s Maintenance is very close to Cal Poly and provides services at $100 dollars per
hour. These local shops can be great last option solutions to issues the team can’t solve on their
own. Before reaching these local shops, the team will try to reach out to industry mentors like
Ernie Parker or faculty here at California Polytechnic State University, San Luis Obispo.

5.4 Cost Analysis
The cost of each component within each subsystem can be seen in Appendix O
Table 5.6.1: The total cost of components for each sub-assembly.
Sub-assembly
Frame
Hydraulic
Pneumatics
Steering
Mechatronics
Total Cost

Cost
$1,850.13
$61.00
$597.02
$102.00
$48.00
$2,658.15

The two major costs come from the frame and pneumatic sub-assembly. These two sus-assemblies are
being designed from the ground up so majority of the components from last year's team cannot be reused.
For the pneumatic sub-assembly, the components that make up majority of the cost the most are the
solenoid valves, one gallon air tank, and the large linear actuator. The frame is exceptionally expensive
because the team plans to build the frame out of composite material. Carbon fiber composite material is
expensive to manufacture and it’s also expensive to buy off the self. The carbon fiber tubes make up
about $800 of the total cost. The frame will also have some aluminum parts and currently with the metal
shortage it will cost more to obtain the aluminum plates and tubes.

5.5 Lessons Learned & Challenges to Re-consider
Frame
Manufacturing of the frame is a concern. There are many parts like the handlebars and mounts that are
made from aluminum. Aluminum is known to be a challenging material to weld. The mounts are made
from ¼” aluminum plate and the handlebar out of aluminum tubes. Since majority of the group is
inexperience at welding the last resource will be to pay a shop technician at Bonderson to weld the parts
together.
Torsional stiffness of the frame is a concern as well. There are hydraulic components mounted on plates
attached to 80/20 steel tubes. We are concerned that the vehicle will wobble because the accumulator and
reservoir are the two heavy components situated at 1.5 ft high relative to the frame. Even if we lower the
hydraulic components as much as possible to keep the center of mass low, we anticipate that the issue will
persist. To solve this problem, the team plans to have two member tubes bonded to the frame at two
critical locations to enhance torsional stiffness of the frame. One location will be in front of the rear pump
under the hydraulic plate. The other location will be behind the chair. Also, T-rails will be bonded under
the frame as well because they will help minimize bending of the frame in lateral directions.
Composite interfaces are a concern as these could be critical stress concentrations for the vehicle. As of
now, the team plans to leave a 1mm gap between composite interfaces for the epoxy to set in. For the
epoxy to be fully cured for 24 hours, the composite interfaces must be held in place at desirable
orientations. To achieve this, several supports must be manufactured, and the manufactured supports must
help the composite interfaces achieve the 1 mm gap between each other. The team plans on 3-D printing
the supports because this is a challenge that will require several prototypes to obtain the best supports.
Drilling into these composite tubes is also going to be a challenge because if the drilling is done
improperly the carbon fiber can be shredded and overall weaking the strength of the tube.
Hydraulics
The issue with direct drive is something that the team has been diagnosing. The direct drive was
connected directly to the rear pump and motor but that didn’t help it. The gear ratio was also reduced on
the direct drive so see if it made it easier to crank but that also didn’t significantly improve it. The next
step is to get the pump serviced by a local shop or send it off to one of the team sponsors.
Hardline implementation desirable for the vehicle but there are a set of challenges that come with this
implementation. These hardlines are not something that can be bought off the self. They would have to be
custom made for this specific vehicle. These are a timely and costly component for the vehicle.
Contractors Maintenance said that they can add hardlines to the vehicle, but they charge $100 hourly.
Maybe an agreement can be made between Contractor’s Maintenance and the current team down the line
as the relationship develops to try to compromise on the price.
Pneumatic seat
The current goal is to add mechatronics to the pneumatic adjustable system. A position transducer in
combination with a form of feedback controller will be able to adjust the seat to set positions. The

challenge with adding pneumatics to the mechatronics comes from the number of nonlinearities that
present themselves when working with air. This project is still in developing stages.

Chapter 6: Manufacturing Plan
6.1 Procurement
6.1.1 Frame Subsystem
Composite Tubing
In order to simplify the manufacturing path, Featherweight Cycles plans to purchase composite tubing
from RockWest Composites, a composite supplier and manufacturing company based out of San Diego.
The decision to move forward with RockWest was spurred by discussions with Dr. Elghandour who
believed in-house manufacturing of strong tubing was outside the scope of the team’s abilities. The tubing
will be off-the-shelf parts which significantly reduce lead time and purchasing costs.
Structural Adhesive
Bonding the steel and composite tubing together is done with structural adhesive. The structural adhesive
used will be Loctite EA 9392. The procurement of EA 9392 will be handled through Henkel-Adhesives, a
commercial retailer for structural adhesives and coatings. This adhesive is an aerospace grade structural
adhesive which cures at room temperature.
Metal Tubing
Round and square steel tubing will be ordered from onlinemetals.com. This supplier has a vast range of
products which will satisfy the team’s project needs. The materials to be ordered include carbon steel and
aluminum which are widely available and ready to order.
Rear Wheel Dropouts
The materials needed to manufacture the rear wheel dropouts include steel tubing (mentioned above), and
bar stock for machining. To simplify the ordering process, Featherweight Cycles has decided to also
purchase these materials from onlinemetals.com. These orders are to be completed before November 5th,
allowing the team to begin manufacturing before the end of the quarter.

6.1.2 Fluid Power Subsystem
Accumulator and Reservoir Mount
The accumulator and reservoir mount are composed of 80/20 T-slot extruded aluminum. This material
and its fasteners are purchased from McMaster-Carr. The team will be purchasing two pieces of 80/20 to
secure the accumulator and reservoir.

Mounting Baseplate
In order to locate the reservoir mount and manifold on the frame a baseplate will be manufactured out of
6061-T6 aluminum. This plate will be purchased from onlinemetals.com and will be oversized to allow
for proper dimensions to be cut during the waterjet machining process.
Air Tank
In order to drive the pneumatic cylinders and valves, an air tank capable of being pressurized to 100psi
will be purchased. Out of the various online retailers investigated, the team decided to move forward with
purchasing a capable air tank from gaugemagazine.com. This tank will allow the pneumatic system to be
powered and will hold 1 gallon of air.
Fittings
Fittings for the hydraulic and pneumatic components are to be purchased from a local shop in San Luis
Obispo that specializes in hydraulic repair. The company that will supply these parts is Contractors
Hydraulic Repair and will also be handling the hardline fabrication for the team’s hydraulic circuit. The
remaining fittings necessary are already included in the team’s left-over inventory from last year.

6.1.2 Mechatronics Subsystem
Solenoid Valves
There are a few different solenoid valves that are to be purchased for the pneumatic seat actuation. These
pneumatic components are to be ordered from Norgren, one of the companies sponsoring the competition.
Norgren has given the team a $1,000 budget for purchasing pneumatic assembly components from them.
STM32 Nucleo Microcontroller
The STM32 Nucleo microcontroller is an off the shelf part purchasable from Digi-key. Featherweight
Cycles is planning on purchasing this board in order to electronically control the relays for the solenoid
valves. Digi-key lead time is about one week so this part will be ordered as soon as possible in order to
begin experimentation on pneumatic control.
10 Turn Potentiometer
The 10-turn potentiometer used in the position control circuit is going to be purchased from p3america, an
online retailer for electrical components. This is an off the shelf part so the lead time for purchase will not
be a roadblock for manufacturing.
Circuit Board, Electrical Relays
The circuit board and electrical relays being used in the mechatronics subsystem have been located for
purchase on Amazon. The links for these components can be found in the team’s iBOM.

6.2 Manufacturing Sequence
Carbon Tube Cutting
The composite manufacturing process for all the frame rails will be outsourced to Rock West composites,
as they have expert composite tube manufacturing experience. Since it is more expensive to have Rock
West cut all composite tubing to length, Featherweight Cycles has determined that they will take on any
tube length adjustments that need to take place. In order to cut the round frame tubes to shape, two 9”
tube lengths and a 12” tube length will be cut using new bandsaw blades to avoid fiber tear out. With the
three circular tubes cut to shape, the composite tubing will be ready for frame assembly.
Front 5-Way Steel Tubing Insert
The next part to be manufactured is the steel front crossbar. This crossbar is to be welded from multiple
steel tubes so these need to be cut to size first. This welded assembly is composed of 1/8in thick steel
round and square tubing. The round tubing and square tubing have a 1” OD and 1”x1” WxH, respectively.
First, all tubing must be cut to the proper length. This machining process will be done in Mustang 60. The
round tubes will be cut to 12.5” and 1.975” with the smaller length tube undergoing a 1” hole-saw
operation to allow it the two pipes to sit flush with one another. Two pieces of square steel tubing will be
cut to 2” length and the ends will be bored with 1” hole saws. Once the pipe contours have been cut, the
three small tubes are going to be tack welded into their final location to prep for welding. Once all tack
welds have been performed and final dimensions are confirmed, the final weld beads can be run all the
way around each pipe. Finally, when all the welds have been completed, the surfaces are going to be
scrubbed to remove any slag and excess material from the weld beads.

C

Headset Inserts, Headsets, Down Tubes, Steering Brackets, and Brake Bracket
The headset inserts that will be bonded to the frame to hold the front wheels will be manufactured out of
two steel tubes. The vertical tube that will contain the steerer tube is an off the shelf component purchased
from Paragon Bike Works. The second part of this insert is a steel tube with a 1” OD and a thickness of
.125”. This tube is going to be turned down to an OD of .92” which will allow the tube to be bonded to
the composite laminate. Once this tube has been turned down to size, it will be notched at the end with a
1.5” diameter to prepare the tube for welding. Once the two tubes have been tack-welded in place, an allaround weld will be used to combine the two components. This entire set of operations will be performed
twice in order to manufacture the headset inserts needed for assembly.
The down tubes that go inside the headset tubes were made by welding 3 different components together
as seen in Figure 6.2.1. A 1.25” OD round tube was welded to an intermediate round plate .25” thick
which was then welded to a square tube. The tubes were all orbitally welded onto one another for
maximum welding penetration. The square and round tube can be cut to length with a chop saw or
vertical band saw. The round plate can be extruded out of a .25” steel plate using a hole saw and cutting
fluid. The hole saw can be put on a drill press and the steel plate can be clamped down using vices.
Coolant can be used for the cutting process but it’s not necessary.

Figure 6.2.1: Down tubes for the steering mechanism.
Attached to the downtube are the break mounts and steering brackets. Both of those metal plates can be
cut using the waterjet in one machining operation. They can be MIG welded together. Magnets can be
used to hold the pieces while welding. Steering and braking bracket can be seen in Figure 6.2.2 and
Figure 6.2.3

Figure 6.2.2. Steering and braking brackets attached on the down tubes.

Figure 6.2.3. Steering mechanism attached to the steering bracket on the down tubes.
Bottom Bracket Shell Mount
The bottom bracket shell mount will be a welded part composed of the bottom bracket shell and an
undersized 1/8in steel tube with a .95in outer diameter. The stock tube size that is going to be purchased
will be 1in OD, so Featherweight Cycles will turn this tube down to size before welding the bottom
bracket shell. Once the undersized tube is the right size, it will be notched at the end to allow for a
continuous weld along the circumference of the tube. The bottom bracket shell and notched steel tube will
then be put together, tack welded to secure the tubes together, and finished with a proper weld all the way
around the mating surfaces. Once the weld cools, the slag is to be chipped off and the surface cleaned to
remove any excess residue.
Pneumatic Piston Lock Mounts
The pneumatic piston mounts are to be constructed of aluminum. In order to machine this piece properly,
the team has chosen to begin operations on two pieces of 1.5”x1.5”x1” stock. This manufacturing
operation is going to be completed on the manual mill using a 1in facing end mill, a .2in radius ball tip
end mill, and a .25in diameter drill bit. The first operations are going to take the excess material off each
side with the 1in end mill, leaving the parts with the proper 1.4”x1.4”x1” envelope. Once this operation
has been completed, the 1in recess will be cut out using the facing mill. The second contour will be
machined using the .2in radius ball tip end mill. This process will cut the smooth fillet into mounting
brackets. Finally, the drill bit will be used to create the two through holes for the fasteners in the bottom
of the mounts. Once these operations have been completed on both piston mounts, this manufacturing
step is complete.
Steer Tube Assembly

The steerer tube assembly is comprised of four components. These components include the steerer tube,
the stopper block, the wheel axle mount, and the tie rod mount. The steerer tube is an off the shelf part
Featherweight Cycles plans to order from Paragon Cycle Works. In order to manufacture the stopper
block, a 1.5” circular stock of steel is to be cut using a bandsaw. The wheel axle mount will be
manufactured using steel square stock. This stock is to be cut down to a length of 3” with a bandsaw.
Once the stock is cut to length, the half inch through axle hole will be machined 0.625” from the top. The
final part of this assembly is the tie rod mount. This mount will be an L shaped piece of steel 3.25” long.
The contour of this bracket will be machined using a manual mill. Once the contour of the bracket has
been cut using a .25” end mill, the tie rod hole will be machined with a diameter of .5”. This is the final
machining operation on the steerer tube assembly pieces. Once these machining processes have taken
place, each individual piece will be stacked one by one on top of each other and welded together. The tie
rod mount will be welded to the bottom of the wheel axle mount such that the through hole for the axle
and tie rod mount are on different sides of the axle mount. This will ensure proper function when
assembled on the bike.

Accumulator and Reservoir Mounting Rails
The accumulator and reservoir will be mounted on linear 80/20 T-slot extrusions. These extrusions can be
ordered from McMaster-Carr but need to be cut down to their final size. This will be done using a
bandsaw after measuring out the 20” cut lines on each rail.
Hydraulic Mounting Plate
The mounting plate which locates the accumulator, reservoir, manifold, and air tank will be manufactured
using the waterjet in Mustang 60. To accomplish this Featherweight Cycles will produce a DXF file that
can be used to create Jetstream paths. The shop tech in charge of the waterjet will be able to handle the
details of this process once we deliver the metal plate and the DXF.
Reservoir Mounting Plate
The mounting plate for the reservoir will be waterjet out of 1/8” thick aluminum plate. Just like the
hydraulic mounting plate, Featherweight Cycles will supply the shop tech handling the waterjet the
necessary DXF file and the stock plate and the CNC waterjet will be able to cut out the designed pattern
to within about a .012” tolerance.
Front Pump Mounting Plate
The front pump mounting plate is going to be another waterjet part made of 1/8” aluminum sheet.
Manufacturing operation of this part will be handled by the waterjet shop tech at Mustang 60 and will be
prepped for assembly once the waterjet cuts have been performed.
Step through the sequence of all manufacturing operations needed to make each custom part.

6.3 Assembly
Assembly of the 2021/22 FPVC recumbent tricycle will take place beginning November 1st, 2021 and will
be completed with at least three weeks before competition to allow for ample testing and design
validation. The first step in the assembly process is to assemble the bike frame. In order to assemble the
frame, the team will have each part of the subframe completed and ready to be bonded together. To bond
the steel and carbon fiber components together structural adhesive will be used. Once the structural
adhesive has been applied to all metallic and composite surfaces, they will be slotted together to form the
final bond-lines that will hold each piece together.
After the adhesive for the final frame cures, the team will get to work on assembling all the wheel and
steering mechanisms. The first component to be added to the frame will be the front steering linkage. This
assembly includes the front two steerer tube blocks. By slotting the two steerer tubes between the
headsets on both sides and clamping them down, the bike will be ready to accept the axles from each front
tire. When the front tires have been properly bolted to the steerer tubes, the tie rod will be screwed into
both steering assemblies, linking the front wheels. With the wheels on and the steering linkage complete,
the front brakes will be added as the final component of the wheel assembly.
Once the final frame has been assembled and the wheels and steering linkage are on the bike,
Featherweight Cycles will work to move all hydraulic and mechatronics components from last year’s bike
to the new frame. In order to do this, the reservoir mount will be mounted to the aluminum baseplate,
stabilizing the frame and allowing the accumulator and reservoir to be placed on the new frame. After the
reservoir and accumulator are mounted to the frame, the hydraulic circuit will be transferred from the
previous bike to the new frame. The hydraulic manifold will be bolted down to the baseplate and the
HydraForce controller will be reconnected to the proper solenoid valves. Once the peripheral hydraulic
components have been included to the frame, the pump and motor assemblies are to be added to the
frame. The final positioning of these components will allow for the hydraulic circuit to be completely
connected, leaving the pneumatic and seat assemblies and to be completed.
In order to assemble the bike seat, the team will first need to place the linear rails on the frame. This will
be done with the same structural adhesive used to assemble the frame. To properly space the two rails, the
team will measure 7 in back from the front of both square tubes and will clamp the slider rails down while
the adhesive cures to hold their positions. Once the adhesive has cured, the base plates for the seat can be
secured to the sliders allowing the seat to be fastened to the assembly. Since the pneumatic cylinder and
locking mechanisms are all located using the rear seat baseplate the next step in the final assembly
process will be to fasten these components in their proper locations.
The pneumatic actuation is next to be assembled. The air tank will be placed on the aluminum baseplate,
fastened from the bottom with standard hardware. Once the pneumatic linear cylinder is positioned on the
frame, it will be fastened to the baseplate and the seat rails using the mounting hardware included in the
purchase. Once the cylinder has been properly mounted, the solenoid valves can be placed on the bike and
the pneumatic tubing can be routed. This will allow the final pneumatic assembly to be completed and
validated once placed on the frame.

Frame Bonding
For the prepping of the frame, we followed Rockwest procedure seen in Appendix R.
Jigs to hold the carbon tubes and steel inserts were designed in CAD and built using the team's 3D
printers. Preparation and bonding can be seen in Figure 5.2.11.1 , Figure 5.2.11.2, and Figure 5.2.11.3.

Figure 5.2.11.1: Bonding of the crack tube.

Figure 5.2.11.2: Bonding of the two long square tubes to the 5-way insert

Figure 5.2.11.3: 3D printed jogs holding together the vehicle frame while it dried.

6.4 Outsourcing
During the conception of the final prototype design, Featherweight Cycles has planned on manufacturing
most of the metallic frame subcomponents. While manufacturing all the components needed as a team
would be ideal, there are a few components that are to be outsourced for manufacturing. The first and
most important outsourced manufacturing task falls into the hands of Rock-West composites. After
discussions with Dr. Mahadev and Dr. Elghandour, the team decided it was out of the scope of the project
to hand manufacture custom carbon tubing. Instead, Featherweight Cycles will be purchasing off the shelf
carbon tubing made by professional composites technicians with years of experience. With the expertise
Rock West has in composite tube manufacturing, the team can be sure that part orders meet and exceed
the engineering specifications defined in our analysis.
The second part that will be outsourced is the hydraulic reservoir. To keep the weight down on this lowpressure tank we have chosen to use aluminum to build the reservoir. Since none of the team members
have experience with welding aluminum Featherweight Cycles thought it best to utilize the shop techs’
expertise at Mustang 60. By using the pay for service offered at Mustang 60, Featherweight Cycles can
pay an experienced welder to build the reservoir with all necessary bungs for fluid ports. Outsourcing this

part will allow the team to save time manufacturing the reservoir and will ensure there are no active leaks
in the reservoir.
The last component that will be outsourced is the hardline manufacturing and implementation. Cal Poly
machine shops do not have the proper tooling to allow Featherweight Cycles to properly manufacture the
necessary hardlines. Because of this, the team has spoken with a local company, Contractor’s
Maintenance Company, about outsourcing hardline manufacturing for the project. One of the mechanics
at CMC agreed that they would be able to take care of the hardline manufacturing for the team.
All other manufactured components discussed in previous sections of the report are to be handled by
Featherweight Cycles. The appropriate engineering drawings for manufacture are supplied in the drawing
package. Once the frame has been manufactured and all components have been assembled, the team will
then turn their attention to design verification and prototype testing.

Chapter 7: Design Verification Plan
This chapter will outline the methods used for testing design choices made by Featherweight Cycles along
with how they meet or surpass competition requirements. The design verification plan can be found in
Appendix P.

7.1 Weight of Vehicle
By the competition requirements, the vehicle manufactured cannot exceed a weight of 210 pounds. Not
including the rider, the weight of the vehicle includes all components consisting mainly of the frame,
hydraulic circuit parts, pneumatic parts, mounts, and bicycle-specific parts. We have plans to use the large
weighing scale in the Mustang ’60 Machine Shop at Cal Poly to check if the vehicle is below the weight
limit for the competition. If the scale is unable to accommodate the fully assembled vehicle, we will place
various disassembled subsections of the vehicle onto the scale to be added up. If the scale is unable to
weigh the vehicle, we will have to accommodate for additional uncertainties corresponding to the number
of subsections that are weighed.

7.2 Braking Distance at Maximum Speed
Vehicles without a braking system that functions properly will be disqualified from the competition. The
National Fluid Power Association requires that vehicles should have multiple braking systems that prove
to be failsafe and capable of keeping the vehicle at a full stop while under full charge of the accumulator.
To meet this requirement set by the NFPA, Featherweight Cycles is aiming to not exceed ten feet of
braking distance at full speed. The planned test course will be the same as Soulenoid Cycle’s, Sports
Complex Road, towards the back of Cal Poly’s campus. As a relatively level and straight road next to the
soccer fields, this test course will be a safer choice for checking our braking system with minimal traffic
compared to other roads located closer to campus. This test course is displayed in Figure 7.1.

Figure 7.1. Sports Complex Road at Cal Poly San Luis Obispo.
The braking test will begin after the vehicle has reached top speed. At this speed, the rider will begin to
activate the braking system when the front wheels are directly at a constant marker on the road in the
form of a piece of tape. From the starting marker to where the front wheels end up at the stopped vehicle,
the distance will be measured with a measuring tape, and this distance will be recorded. The braking test
will be conducted three to five times. With our distance data, we can find a mean distance and calculate
an uncertainty based off the deviation of our sample.

7.3 Durability – Pressure and load testing
In general, the overall durability must be accounted for based on NPFA standards, general safety, and the
longevity of the vehicle. A significant design change in Featherweight Cycles’s vehicle compared to
Soulenoid Cycle’s vehicle lies within material selection, specifically the addition of carbon fiber
composites to the main body of the frame. As the vehicle will have two 66-inch carbon tubes with a
square profile from Rock West Composites, these will be very crucial to the structure of the frame and
will heavily determine how durable the vehicle will be. To ensure that these premade tubes will withstand
the static and dynamic loads placed on the vehicle, the tubes will be tested with a third tube that will not
be included in the final assembly of the vehicle. A first test will be conducted by simply suspending the
tube on both ends and adding varied weights to the center of the tube. The tube will pass this test when it
does not fail after an additional 50 pounds from our maximum static load per tube is applied to the center.
Dynamic loads will be tested for by steering the vehicle through a corner at maximum speed. With the
maximum speed being achieved along with taking a turn, this is the most loading the vehicle will
undergo. This second test should be conducted at least three times individually to both the left and right to
ensure that steering with the vehicle will prove the frame to be durable. This test will also take place on
Sports Complex Road shown in Figure 7.1.

Other carbon tubing will be in the front frame assembly. In the form of circular tubing, these carbon tubes
will be taken from sections of a single tube purchased from Rock West Composites. Using the leftover
tubing for testing, we can use a three-point bending test on one of the machines inside the composites lab
at Cal Poly.

7.4 Regenerative Braking Test
Within the endurance challenge, the NFPA requires that all vehicles make a full stop and restart after
completing 2000 feet. This is done to verify the functionality of the regenerative braking mode of the
vehicle. During this challenge, the timer will be stopped until the rider begins to pedal, and the
regenerative braking ability of the vehicle is judged based off the distance traveled following the full stop
and restart with only usage of stored energy. Featherweight Cycles projects to have the vehicle travel at
least one vehicle length after making a full stop based completely on the regenerative braking test. The
team will be using the same test course on Sports Complex Road and the same starting marker setup as
the test for braking distance at maximum speed. The regenerative braking test will be conducted three to
five times with the primary benchmark of travelling at least one vehicle length. With our distance data,
we can find a mean distance and calculate an uncertainty based off the deviation of our sample. The
regenerative braking will also be tested in endurance testing outlined in Section 7.8.

7.5 Hydraulic Leakage
The maximum pressure within the hydraulic accumulator will be 2800 psi, a value set by Featherweight
Cycles. As a major safety issue, the NFPA will not allow any active leaks to be present on any vehicle.
While a leak does not count for residual hydraulic fluid left on hard-to-clean areas of components,
droplets of fluid that form and drip off any surface count as a leak and must be addressed to completion
before the competition. The vehicle’s hydraulic circuit must be tested for leaks beforehand to eliminate
the need for fixes to any leaks on the day of the competition. In the form of hydrostatic testing,
Featherweight Cycles will measure the accumulator pressure and the pressure drop across the manifold
both before and after energy is stored. After the time in seconds is recorded between each measurement of
pressure, in the case that a leak is present, the team will find the pressure difference in psi to produce a
leakage rate in psi per second. The goal of the team is to not need to calculate any leakage rates.

7.6 Pneumatic Leakage
When considering pressure stored within the vehicle, the maximum pressure within the pneumatic
reservoir will be limited to 150 psi but operating at no more than 100 psi. Using a pressure sensor
provided to Featherweight Cycles by the NFPA, any measurement of pressure above the NFPA maximum
pressure of 100 psi will be released.

7.7 Adjustable Riding Position
Using the pneumatic system and programmed with the vehicle’s mechatronics, Featherweight Cycles
plans to implement adjustable seat positioning to the vehicle. Using the double acting pneumatic actuator,
the seat will be able to adjust and lock itself into five differing positions based on which team member of
Featherweight Cycles is operating the vehicle. In order to test this system, the team must ensure that any
updates to the mechatronics that govern the movement of the seat maintain the same unit test framework
without producing any errors as the coding continuously becomes improved.

7.8 Endurance Test
As one of the three main physical subsections of the competition, the endurance challenge measures all
vehicles’ capabilities through their hydraulic systems’ replicability and durability. Featherweight Cycles
plans to test the vehicle’s endurance using the Cal Poly running track as a test course shown in Figure 7.2.
The team will aim to travel one mile in preparation for the endurance challenge, and there must absolutely
be no leaks present at the time of endurance testing.

Figure 7.2. Running track at Cal Poly San Luis Obispo.
From Featherweight Cycles, Kevin Pauls will be the team member to operate the vehicle during the
competition, primarily using the direct drive mode. The current pre-charge value for the accumulator has
not been released at this time by the NFPA, but previous years of competition had set this value at 500
psi. As the test course has a length of 0.25 miles from the inside lane, the test will require 4 laps around
the course to complete one mile. Following the start of the test, Pauls will switch from the direct drive
mode into the regenerative braking mode to charge the accumulator. Following the required one complete
stop during the endurance challenge, Pauls will switch into the boost mode of the vehicle to move at least
one vehicle length without any added human power. While this test will be timed with one stopwatch by
the rest of Featherweight Cycles, the stopwatch will be paused during the regenerative braking. An
additional stopwatch will also measure the time from the beginning of charging the accumulator in the
regenerative braking mode to the point of discharging the accumulator in boost mode. This test should be
conducted two to three times to ensure replicability of the vehicle’s performance through the endurance
challenge.

7.9 Efficiency Test
The second of the three main physical subsections of the competition is the endurance challenge, testing
the vehicle’s ability to use the smallest amount of stored energy to output the greatest distance travelled in
proportion to the vehicle’s weight. Featherweight Cycles has the efficiency requirement set at 15% with
an allowance of +/- 4%. Like that of initial regenerative braking tests and braking at maximum speed, the
efficiency testing will also take place on Sports Complex Road shown in Figure 7.1.
As the efficiency challenge relies on only pre-charging from the accumulator in boost mode, there will be
no human power applied during this test. Pre-charge values have not yet been determined by the NFPA.
Using similar testing methods to Soulenoid Cycle, we will begin testing for efficiency on the eastern end
of Sports Complex Road to face away from traffic and travel west along the 2500 feet of road. To
maximize energy output from the accumulator, the boost mode will be toggled on and off as needed. A
team member of Featherweight Cycles will follow the vehicle with a measuring wheel to determine the
length of road travelled on one full charge of the accumulator. This test will be conducted three times to
collect data for inputting into a spreadsheet provided by the NFPA to calculate the efficiency rate for each
test.

7.10 Sprint Test
The third of the three main physical subsections of the challenge is the sprint race, testing the vehicle’s
ability to complete a course with a length of 400 to 600 feet in the shortest amount of time. The actual
length of the course is unknown and will be known on the day of the competition. Because of this,
Featherweight Cycles will conduct testing in preparation for a 600-foot course, ensuring that the vehicle
will be able to handle a sprint of any length at the competition. Testing will be conducted on Sports
Complex Road, shown in Figure 7.1.
After marking the 600-foot length on the road with two pieces of tape, the vehicle will be timed from the
start marker to the finish marker. With the accumulator initially charged to 2800 psi, Featherweight
Cycles will adjust the pre-charge value over the course of three to five trials to determine the desired
settings to be used during the competition.

Chapter 8: Project Management
The purpose of Project Management is to ensure the Featherweight Cycles senior design team is on track
to compete in the NFPA Fluid Powered Vehicle Challenge in April 2022.

8.1 Design Teams and Key Roles
With Senior Design class still virtual with the COVID-19 pandemic winding down its important to have a
systematic way of keeping Featherweight Cycles on schedule. Using the TeamGantt website, the team can
plan, schedule, and manage projects online while having the ability of collaboration with teammates.
Because Featherweight Cycles has not had the opportunity to physically see the previous year fluid power
vehicle design the work that is currently being planned is more conceptual and flexible are they are
subjective to change based on what resources are available to the team once manufacturing occurs.
Table 5.1. Key deliverable timetable for the course of the overall project.
Date
05/04/2021
05/18/2021
05/25/2021
09/28/2021
10/12/2021
10/19/2021
10/26/2021
11/30/2021
03/08/2022
03/15/2022
04/10/2022

Key Deliverables
Concept Models
Concept Prototype
Preliminary Design Review
Interim Design Review
Detail Drawings/Manufacturing Plan
Structural Prototype
Critical Design Review
Manufacturing and Test Review
Validation Prototype
Final Design Review
Final Competition

To increase efficiency of the project the team will split into subsystems:
▪
▪
▪
▪

Manufacturing of Frame: Mr. Pauls, Mr. Sung, Mr. Welch
Mechatronics: Mr. Baechler, Mr. Sung
Hydraulics: Mr. Rosales, Mr. Welch
Pneumatics: Mr. Rosales, Mr. Baechler

These lead roles are not official but serve as a guideline for future work that needs to be done for the
Fluid Power Vehicle.

8.1.1 Manufacturing of Frame:
One of the key components to redesign for the upcoming 2022 NFPA Fluid Powered Vehicle Challenge
is the frame of the bike. A CAD model of the frame will be built which will also include all the

subsystems of the vehicle to give an idea as to where to place everything. Once a draft of the entire
vehicle system is constructed the first major component to be assembled will be the frame of the fluid
power vehicle. This frame is planned to be manufactured out of carbon fiber tubes connected with
Connectors from Rock West Composites. This will be done as early as possible as the assembly and
placement of other components will depend on when this frame is constructed.

8.1.2 Mechatronics:
With hydraulics, pneumatics, valves, lines, and various drive train components selected a proper
controller can be selected. Currently the STM 32 Blue Pill Microcontroller is on the 2021 Fluid Vehicle
and Featherweight Cycles plans to keep the current control system since it seems to function properly.
The current control system will be able to effectively control the hydraulic system, measure relevant
pressures including the accumulator, pump, and motor, and output measured data to a visual user
interface. Minor adjustments might have to be made once we have access to the previous vehicle since the
direct drive is functional but needs optimizing.
Featherweight Cycles will define the control system by making a list of every input that needs to be
measured or calculated, and every output that needs to be power-driven or calculated. This will directly
determine the electrical components and power requirements in the control system, which will lead to
selecting an appropriate controller. After a controller is selected, the team will build and program an
interface that effectively controls all inputs and outputs. The interface will be optimized for cooperative
multitasking, efficient memory usage, and power consumption, using task-state diagrams and good
coding practices.

8.1.3 Hydraulics:
The hydraulics will be kept from the 2021 Cal Poly vehicle as it seems to be functioning properly except
for some malfunctioning of the direct drive components. The current hydraulics are the smallest currently
available on the market which work fine. Further testing is going to be conducted on the hydraulic
drivetrain to pinpoint the current issue.
To test hydraulics and vehicle performance, Featherweight Cycles will use Simscape. With the modeling
software, parameters can be varied and optimized to provide estimated performance values before
building and testing the vehicle.

8.1.4 Pneumatics:
Two possible pneumatic implementations for the Featherweight Cycles vehicle are power braking
capability and seat adjustment. The pneumatic break will have to be tested and modeled for optimization.
The modeling and manufacturing of the pneumatic break can happen prior to the vehicle frame being built
but will have to be tested and optimized once the vehicle is fully assembled. Featherweight Cycles hopes

to buy the parts from Norgren as they will supply up to $500 worth of pneumatic parts. The second
potential pneumatic component will be a to incorporate adjustable seating that is controlled by
pneumatics. A way method of charging the pneumatic components will have incorporated. Featherweight
Cycles hopes to fully incorporate the pneumatics with the microcontroller so data such as pressure can be
read through the digital microcontroller.

Chapter 9: Conclusion
This report laid out all elements present in the initial design scope for the Fluid Power Vehicle Challenge
design project. The final deliverable will be a fluid powered vehicle that meets competition guidelines and
improves on the previous year’s recumbent trike design by reducing chassis weight, updating the
hydraulic system, and including a pneumatic control system. This document has been drafted to lay out
the scope of work for this design project, the background analysis performed for PDR, and final designs
and manufacturing for CDR. This document lays out the background research done to help define the
scope of this design project, the objectives defined by the competition guidelines and the sponsor, and the
design process that will be utilized to meet the team’s deadlines on time. Featherweight Cycles’ final
design has been presented using analytical justification for major changes to the various subsystems. This
analysis has allowed the team to design each subsystem to competition specifications.

References
[1] “Fluid Power Vehicle Challenge | Meet the Teams.” Fluid Power Challenge,
nfpafoundation.org/fpc/vehicle-challenge/meet-the-teams-fpvc/.
[2] “2021 NFPA Fluid Power Vehicle Challenge Overview, Rules and Rewards”, NFPA Education and
Technology Foundation, Sep. 2020.
[3] “Statement of Work.” Soulenoid Cycle, California Polytechnic State University San Luis Obispo.
[4] “Student Success Guide.” Department of Mechanical Engineering, California Polytechnic State
University San Luis Obispo
[5] Jacob Torrey, Bryson Chan, et al. Fluid Power Vehicle Challenge Final Presentation Pump My Ride.
16 April. 2020, Cal Poly, San Luis Obispo, https://www.dropbox.com/s/y87nanv177up98k/CalPoly%20PumpMyRideFinalPresentation.pptx?dl=0
[6] Cayla Quinn, Jordan Kochavi, et al. Fluid Power Vehicle Challenge Final Presentation SOULenoid
CYCLE. 5 April. 2021, Cal Poly, San Luis Obispo,
https://www.dropbox.com/s/xeex66o46wb6n88/Final%20Presentation%20Cal%20Poly.pptx?dl=0
[7] Angela Rodriguez, Sarah Smith, et al. Fluid Power Vehicle Challenge Final Presentation. 16 April.
2020, Cleveland State University, https://nfpafoundation.org/fpc/wpcontent/uploads/sites/4/2020/04/Cleveland-State-University-2020-FPVC-Final-Presentation.pdf
[8] Engineered carbon fiber, fiberglass & kevlar. (n.d.). Retrieved April 29, 2021, from
https://www.rockwestcomposites.com/?utm_campaign=branded__usarockwest+compositesc&utm_term=rockwest+composites&utm_source=adwords&utm_medium=ppc
&hsa_acc=8114822638&hsa_cam=633062616&hsa_grp=115998657832&hsa_ad=491649032810&hsa_s
rc=g&hsa_tgt=aud-319080416599%3Akwd336918726605&hsa_kw=rockwest+composites&hsa_mt=e&hsa_net=adwords&hsa_ver=3&gclid=CjwK
CAjwj6SEBhAOEiwAvFRuKER6stYNNCHWrLTXT5xWXLFfKNbZSgQ3P9A755HP9iEl0balU5ItRoCTEEQAvD_BwE.
[9] Brano, & Instructables. (2019, January 23). How I built a carbon bike frame at home (and a bamboo
frame too). Retrieved April 29, 2021, from https://www.instructables.com/How-I-built-a-carbon-bikeframe-at-home-and-a-bam/.
[10] M. (Director). (2019, February 1). Getting started with Pneumatics - the Basics [Video file].
Retrieved from https://www.youtube.com/watch?v=Uz9xXEXzkxQ.

[11] M., A., & D. (2018, October). Hydraulics and Pneumatics: A Brief Summary of their Operational
Characteristics. Retrieved April 20, 2022, from https://www.researchgate.net/profile/AbrahamChatzopoulos/publication/329041721_Hydraulics_and_Pneumatics_A_Brief_Summary_of_their_Operati
onal_Characteristics/links/5e92ec984585150839d6521d/Hydraulics-and-Pneumatics-A-Brief-Summaryof-their-Operational-Characteristics.pdf.

[12] “Experiments with Position Control of Pneumatic Actuators | James Bruton.” Youtube, uploaded by
James Bruton, 28 Jan. 2019, https://www.youtube.com/watch?v=d7ErG5ecO2s
[13] Exact linearization for applications in industrial pneumatics. (2019). 2019 IEEE International
Conference on Engineering Veracruz (ICEV). doi:10.1109/icev.2019.8920546
[14] Xavier, M. S., Fleming, A. J., & Yong, Y. K. (2020). Modelling and Simulation of Pneumatic
Sources for Soft Robotic Applications. 2020 IEEE/ASME International Conference on Advanced
Intelligent Mechatronics (AIM). doi:10.1109/icev.2019.8920546
[15] “Hydraulic Bike Project | Fluid Powered with Hydraulic Regeneration.”
http://www.youtube.com/watch?v=jFC2qs5JXyU&t=179s. Accessed 29 Apr. 2021.
[16] Trukhanov, Kirill. SELECTION OF OPTIMAL PARAMETERS OF THE PNEUMATIC ...
clawar.org/wp-content/uploads/2021/02/Clawar2020_Paper_10.pdf.
[17] B. (Director). (2020, July 1). Application of Hydraulic System [Video file]. Retrieved from
https://www.youtube.com/watch?v=_cefdMItILM.
[18] M. (n.d.). Hydraulic Systems and Fluid Selection. Retrieved from
https://www.machinerylubrication.com/Read/277/hydraulic-systems-fluid.
[19] 07:10, S., & 10:11, G. (2016, September 14). Hydraulic circuits for basic applications. Retrieved
April 29, 2021, from https://fluidpowerjournal.com/hydraulic-circuits-for-basic-applications/.
[20] Huang, Y. T., Chu, L., Yang, Y., & Zhang, S. T. (2014). Study on braking force distribution strategy
for a HYDRAULIC regenerative braking system. Applied Mechanics and Materials, 543-547, 1529-1532.
doi:10.4028/www.scientific.net/amm.543-547.1529
[21] Heberger, Lukas, et al. “Influence of the Quality of Rivet Holes in Carbon-Fiber-Reinforced-Polymer
(CFRP) on the Connection Stability.” Procedia Manufacturing, vol. 6, 2016, pp. 140–147.,
doi:10.1016/j.promfg.2016.11.018.
[22] “Engineering Materials.” Engineering ToolBox, www.engineeringtoolbox.com/engineeringmaterials-properties-d_1225.html.

[23] ., Maketronics, director. Getting Started with Pneumatics - the Basics. YouTube, YouTube, 1 Feb.
2019, www.youtube.com/watch?v=Uz9xXEXzkxQ.
[24] https://kraatsgb.nl/recumbent/pedal.html#Pedal%20pressure%20by%20leg%20weight

Appendices
Appendix A. Quality Function Development

Appendix B. Gantt Chart

Appendix C: Full Results from Concept Ideation

Appendix D. Concept Design Matrices
Pugh Matrix: Composite Frame Design

Pugh Matrix: Adjustable Seat Design

Appendix E. Design Hazards Checklist & Matrix
Y

N

 

1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar
action, including pinch points and sheer points?






2. Can any part of the design undergo high accelerations/decelerations?



3. Will the system have any large moving masses or large forces?





4. Will the system produce a projectile?





5. Would it be possible for the system to fall under gravity creating injury?





6. Will a user be exposed to overhanging weights as part of the design?





7. Will the system have any sharp edges?





8. Will any part of the electrical systems not be grounded?





9. Will there be any large batteries or electrical voltage in the system above 40 V?





10. Will there be any stored energy in the system such as batteries, flywheels, hanging
weights or pressurized fluids?





11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the
system?





12. Will the user of the design be required to exert any abnormal effort or physical
posture during the use of the design?





13. Will there be any materials known to be hazardous to humans involved in either the
design or the manufacturing of the design?






14. Can the system generate high levels of noise?





16. Is it possible for the system to be used in an unsafe manner?





17. Will there be any other potential hazards not listed above? If yes, please explain on
reverse.



15. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, cold, high temperatures, etc?

Description of Hazard
1. The revolving chain near
the rider’s feet

2. The wheels and wheel
joint will undergo high
accelerations as well as
entire bike

3. The frame and wheel
attachment will have high
loads due to forces due to
acceleration, weight of
the rider and components
of the bike.

5. The bike has 3 wheels, so
it is possible to tip when
turning.

6. Sharp edges near the
front and rear wheel
interface, and at
component attachments

10. There will be high
pressure hydraulic lines
and accumulator with an
estimated max pressure
3000 psi, and battery
stored on vehicle.

13. Hydraulic fluid

Planned Corrective Action
Implement a removable chain tube which
acts as a chain guard and guides chain on
recumbent bikes.

Planned
Date
09/20/21

Design the wheel interfaces to withstand
high loads thus critical failure will not be
able to occur, and the frame needs to have at
least a safety factor of 2.

09/20/21

The frame and wheel attachments will be
designed to undergo high loads and to a
safety factor of at least 2 to eliminate
chances of critical failure.

09/20/21

Design the frame to have a larger distance
between the front wheels and a longer
wheelbase.

09/20/21

Round off sharp edges with machining,
filing, deburring, sandpaper, etc.

09/20/21

Warning labels can be implemented in
visible areas to alert users of the vehicle of
potential issues.

09/20/21

Warning label to indicate that high pressure
hydraulic fluid can puncture skin and can
cause serious injury or death.

09/20/21

Actual
Date

Appendix F. Accumulator Specification Sheet

Appendix G. Bosch Series 6 Hydraulic Pump Specification Sheet

Appendix H. Hydraulic Specification Sheet

Appendix I. (M)SDS for Competition Standard Hydraulic Fluid

Appendix J. Dynamic Analysis for Frame

Appendix K. Frame weight based on material calculations for 2021 FPVC frame

Appendix L. Steering Mechanism Calculations

Steering Mechanism
Loads
Rx=77;
Ry=120;
M_l=963;
T_y=400;

%lbf
%lbf
%lbf*in
%lbf*in

Geometry
OD= 1.25;
ID=1;
l1= 6;
l2=4;
l3=1.5;

%in
%in
%in
%in
%in

Yield Strengths for the materials
Sy_steel=30000; %lbf/in^2
Sy_Alum= 25000 ; %lbf/in^2
Sy_carbon= 80000 ; %lbf/in^2
Sy_glass= 60000 ; %lbf/in^2

Stress Calculations
area=(pi/4).*(OD^2-ID^2);
inertia=(pi/64).*(OD^4-ID^4);
%Axial Stress
Sig_a=Ry/area;
%Shear Stress
Sig_shr=(4/3)*(Rx/area);
%Bending Stress
Sig_bend=M_l*OD/inertia;
tot_stress= sqrt((Sig_a+Sig_shr)^2+Sig_bend^2)
tot_stress = 1.7020e+04

Safety Factors
SFy_steel=Sy_steel/tot_stress
SFy_steel = 1.7626

SFy_Alum=Sy_Alum/tot_stress
SFy_Alum = 1.4688

SFy_carbon=Sy_carbon/tot_stress
SFy_carbon = 4.7002

SFy_glass=Sy_glass/tot_stress
SFy_glass = 3.5252

APPENDIX M: Dynamic Stress Calculations

APPENDIX N. Vehicle Component Engineering Drawings

APPENDIX O - iBOM Indented Bill of Materials

Appendix P – Design Verification Plan
Test
#
Specification

Test
Description

Measurements

Acceptance
Criteria

Required
Facilities/Eq
uipment

Parts
Needed

Responsibility

1

Maximum
weight
passenger
rating

weight of
vehicle

no more
than 210
pounds
without rider

Large scale

Large
scale

Kevin

2

Making a full
stop at
speed.

braking
distance

must not
exceed 10
feet of
braking
distance

Tape
measure

Kevin

3

Durability

Pressure test
and load test

Fixed ends
of beam and
load in
middle. Max
speed
around a
curve.

Tape
measure,
access to
Sports
Complex
Road
Sport
Complex
Road

Pump to
create
pressure
in
reservoir

Eddy

4

Regenerativ
e Power test

Braking
distance

Move from a
full stop to
one
vehicle's
length at
minimum in
the regen
mode.

Tape
measure,
Sports
Complex
Road

Tape
measure

Kevin

5

Hydraulic
Leak test

Pressure test
and hydraulic
leaks

Withstand
3000psi and
no leaks

6

Pneumatic
Leak test

Pressure test

Widstand
150 psi and
no leaks

Senior
project room

Pump to
create
pressure
on entire
pneumati
c system

Eddy

1

2

3

4

5

6

7

Adjustable
riding
position and
cycles poer
charge

Seat sliding
distance and
cycles per
charge

8

Endurance
Test

Distance for 20
mins straight
of riding, and
use the
regen/boost
circuits to
move the
vehicle

9

Efficiency
Test

10

Sprint Test

7

8

9

10

at least 7
inch of seat
sliding
distance
and 10
cycles per
charge
for 20 mins,
rider must
reach at the
very lease 2
miles
distance w/
the full stop
in regen

Tape
Measure

Tape
measure
and
pump to
charge
air tank

Kevin

Cal Poly
running
track

Timers
and tape
measure

Travis

accumulator
pre-charge,
total charge,
volume,
vehicle weight,
distance
traveled

A precharged and
unassisted
vehicle must
travel at
least 100 ft.

Tape
measure,
Sports
Complex
Road

Tape
measure

Kevin

time it takes to
reach the
destination on
a 400-600 ft
course

15sec on a
400ft
course.

Stopwatch,
Sports
Complex
Road

Stopwatc
h

Kevin

Appendix Q – Adhesive Specification Data

Appendix R- Bonding Preparation instructions from RockWest

Appendix S –Bond analysis

